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SUMMARY 


The objective of this program was to retrofit a Mark 48 fuel turbopump with hybrid 
hydrostatic/bail bearings and to demonstrate hybrid bearing feasibility and per- 
formance through turbopump testing. Requirements for future space maneuvering 
missions have indicated the need for the improvement in operational life of small 
high-speed liquid hydrogen turbopumps. The mission requirements dictate long life 
operation at high speeds and with many starts. Of major concern is the long-life 
reliability of conventional bail bearings when subjected to these operating condi- 
tions. The hybrid bearing was developed with the Intent of having the capacity to 
operate as a conventional bearing and carry axial thrust and radial loads of the 
shaft during turbopump transient startup and shutdown while being able to utilize 
the hydrostatic bearing at high speeds with the ball bearing outer and inner races 
rotating with the shaft. This solid body rotation, while operating as a hydrostatic 
bearing at high speed, would reduce ball bearing wear and extend overall bearing 
life. The specific objectives of this program were to design, analyze, and fabri- 
cate hybrid bearings and modify the Mark 48-F turbopump for operation with them. 

The additional objective was to test the turbopump with the bearings using both 
external and internal fpump supplied) hydrostatic bearing supply fluid. 

At the beginning of the program, an analytical study was made to determine the 
predicted operating characteristics of the hybrid bearings and the critical design 
dimensions of hydrostatic bearing clearance and orifice size. Also required were 
decisions as to where the hydrostatic bearing fluid supply would be taken from the 
pump in the internally supplied mode. Hydrostatic bearing performance predictions 
were made for direct and cross-coupled stiffness and damping characteristics as a 
function of turbopump speed and supply pressures. The analytical predictions 
available were used for turbopump rotordynamic analysis to determine critical 
speed, stability, and response of the rotor within the turbopump housing. The 
sprlnj, rate of the turbopump housing coupled to the rotor was included in the 
analysis. This was done using the advanced superposition methods developed for 
high-speed turbopump vibration analysis developed early in the program as a part of 
this contract oitort. The objectives and results of that study have been reported 
in CR- 15970, "Interim Report - Advanced Superposition Methods for High-Speed Turbo- 
pump Vibration Analysis," May 1981. 

The rotordynamic analysis of the turbopump provided interesting operational pre- 
dictions. The hydrostatic bearing pressure and flow supplied by the turbopump 
Increases as pump speed increases, which causes the hydrostatic bearing stiffness 
to increase with an attendant increase in critical speed. This results in the 
natural frequency of the rotor tracking the rotor speed. Changes in hydrostatic 
bearing parameters fclearances, orifice size, and supply pressure levels) were 
lound analytically to shift the natural frequency of the rotor. It was found that 
supply pressure levels held constant with speed change at or below the pressures 
consistent with the pump-supplied pressure caused the rotor natural frequency to 
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be constant. The results did Indicate that with a wide range of supply pressures 
and some design latitude the critical speed and stability of the rotor can be 
controlled on the turbopump. 

The design of the hybrid bearings and the turbopump modification was completed. 

The turbopump was carefully assembled with emphasis given to dynamic balancing 
of the rotor. Procedures for rotor assembly and balancing were developed to 
minimize the Imbalance changes during rotor housing assembly. The asseuibled 
turbopump was Installed In the Advanced Propulsion Test Facility at the Rocketdyne 
Santa Susana Field Laboratory. A large amount of Instrumentation was Incorporated 
on the facility and turbopump to record dynamic and steady-state operating charac- 
teristics Including shaft radial and axial motion. A pressure control system was 
developed and Installed to simulate pump-fed (Internal) flow supply pressure to 
the hydrostatic bearings or other selected pressure profiles as a function of shaft 
speed. The supply temperature, pressure, and flowrate were measured for all test 
conditions. The turbopump was operated in 15 tests for a total test time of 1,261 
seconds of shaft speed rotation. Maximum shaft speeds In excess of 9,110 rad/s 
(87,000 rpm) were achieved. During the tests, the pump-end hydrostatic bearing 
cartridge speed followed and matched shaft speeds up to approximately 7,330 rad/s 
(70,000 rpm). Above that speed, the pump-end cartridge speed lagged shaft speed. 
This always occurred with a condition of high casing vibration levels and shaft 
orbiting amplitudes. The turbine-enu bearing did not generally rotate with the 
shaft speed due to end-play restrictions Imposed on it by the basic turbopump 
design. The tests were run using externally supplied liquid hydrogen to the bear- 
ings during one test series and pump- fed liquid hydrogen to the bearings on another 
test series. High vibration levels were observed at high-speed operation and sub- 
synchronous instability occurred on two high-speed tests at the end of the test 
series. 

The test data were reduced and reviewed In detail. The results were coupled 
with the results of the turbopump disassembly and component Inspection. The 
conclusions from the test results are that the turbopump has proven it can 
operate with hybrid hydrostatic /ball bearings at high-speed levels. The test and 
analysis experience points out the need for the ability to accurately predict 
the dynamic coefficients of the hydrostatic bearing to accurately determine the 
hybrid bearing operating conditions required. This will allow the lybrld bearing 
to operate where, with proper controls, the rotordynamic conditions are favorable 
to the turbopump for quiet, smooth operation. The problems inherent with 
design of hybrid bearings for turbopump operation have been closely explored 
during this study, and solutions to many of these problems were determined. 

It is recommended that further study be made In specific areas of hydrostatic 
bearing technology so Implementation of the hybrid bearings into turbopump 
designs can be accomplished. 
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INTRODUCTION 


Vehicle requirements for future space maneuvering missions Indicate the need 
for development of small, high-pressure liquid hydrogen turbopumps These 
missions require high-speed operation for a long life, with many starts In a 
unit of minimum weight and envelope. A small, high pressure hydrogen turbopump 
has been designed, fabricated, and tested by Rocketdyne under NASA-LeRC direction. 
The objective of this program was to retrofit a Mark 48-F turbopump with the 
objective of extending the state of the art by demonstrating, through testing, 
the ability of the turbopump to operate with hybrid hydrootatlc/ball bearings. 

Prior effort by Rocketdyne on the small, high-pressure hydrogen turbopump, 
under the direction of NASA-Lewls Research Center (LeRC) , was acco.,.pllshed under 
Contracts NAS 3-17794 and NAS 3-21008 (Ref. 1). Past efforts Included fluid 
dynamic and mechanical analysis and design to produce a liquid hydrogen turbo- 
pump for a 20,000-pound-thrust staged-combustlon cycle engine for orbital trans- 
fer vehicle applications. The turbopump design developed is the Mark 48 fuel 
turbopump which contains three centrifugal shrouded Impeller stages preceded by 
an axial Inducer (Fig. 1). The Impeller stages are followed by Internal crossover 
passages and a diffuser and volute on the final stage. The turbopump is driven by 
a two-stage axial flow reaction turbine driven by hot combustion products of 
hydrogen and oxygen. The design speed is 9,948 rad/s (95,000 rpm) . 

Three test series had previously been performed on the turbopump with several 
design modifications developed between test series. These include design changes 
from a scroll-type inlet to an axial Inlet with added inducer stage and opening 
up the first-stage Impeller eye for improved suction performance. Tests speeds 
to 9, 739 rad/s (93,000 rpm) and pump discharge pressures to 2885 N/cm2 (4,182 - ) 

have been achieved, using gaseous hydrogen as the turbine drive fluid. Exce 
suction performance has been shown with measured head rise and Isentrcplc ef. ncy 
higher than predicted. On the last test series, a resonant condition was founr’ at 
approximately 9,634 rad/s (92,000 rpm), causing unacceptable vibration levels 
] imitlng further testing at design speed. 

The program plan of this study was defined in two basic phases. The first phase 
consisted of one technical task and a reporting task. The vibration analysis task 
consisted of preliminary "ringing" or rap testing of the turbopump rotor and the 
assembled housing without the rotor to determine the resonance characteristics 
(frequencjes and mode shapes) of each assembly. A modal analysis was used to 
determine the cause of the resonance condition. An interim report summarizing 
the results was published following the vibration analysis program (Ref. 3). 

The second phase of the contract, which is reported herein, consisted of design, 
analysis, and modification of the turbopump to incorporate hybrid hydrostatic/ball 
bearings In both the pump and turbine-end bearing packages. The completed 
turbopump configuration was assembled and tested and the data analyzed to 
demonstrate the capability of the bearings to operate effectively within a 
turbopump. 
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As early as 1969, a hybrid bearing was tested by Rocketdyne to a speed of 2,870 
rad/s (27,400 rpm) in Freon 12. The major analytical and test activity occurring 
In the study of hybrid hydrostatlc/ball bearings has been that of the NASA-Lewis 
Research Center. Through the 1970' s to the present, hybrid bearing designs were 
tested at NASA-LeRC and the basic configurations developed there and at MTI (Ref. 

2) were helpful in selecting the bearing design for these turbopump tests. A major 
achievement made during the period of study was the development of analytical 
models to predict hydrostatic bearing behavior and stiffness and damping coef- 
ficients. At present, only the data from the tests of NASA-LeRC are .available to 
correlate with the analytically predicted direct stiffness. Programs to directly 
measure the direct stiffness and damping are in progress in a test and analysis 
program at Rocketdyne sponsored by NASA-LeRC, Contract NAS 3-23263, and entitled 
"SSME Long-Life Bearing Program." During the program reported herein, it has been 
evident that accurate prediction of the hybrid bearing dynamic coefficients are 
required to utilize hybrid bearings in high-speed turbomachinery and control the 
critical speeds and rotordynamic stability. A significant bene'^icial product of 
the hydrostatic bearing is that there is some degree of stiffness and damping 
control simply by changing supply pressure to the bearing. This can be done easily 
during operation without requirements of access to the bearings or rotoi for mechan- 
ical adjustments. 

The benefits of using hybrid bearings within a high-speed turbopump are readily 
recognizable in extended bearing life and start capability. Present high-speed 
turbopump designs are prevented from achieving minimum size and weight and maximum 
efficiency by shaft speed limitations. With the development of the hybrid bearing, 
the ceiling on shaft speed and bearing DN values for reliable operation will be 
removed and the turbopumps capability and efficiency per unit weight will be 
enhanced greatly. The purpose of this study was to determine the feasibility of 
operating with the hybrid bearings in a high-speed turbopump. The results of the 
study indicate that although some technology is limited, it can be developed and 
the hybrid bearing design concept has great merit in meeting the objectives of 
higher speed, smaller, more efficient, and reliable turbomachinery. 
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DISCUSSION 


HYBRID BEARING DESIGN 

The design of Che hydrostatic bearing packages was incorporated into the Mark 48 
fuel turbopump (Fig. 1 and Appendix A). This was coordinated by a design study 
that determined the configuration requirements of the hydrostatic bearings and 
hew to incorporate them into the existing turbopump envelope. A hybrid 
hydrostatic /ball bearing design had previously been developed for testing by 
NASA-LeRC and Mil (Ref. 2). A review of the basic design of these bearings was 
made and it was determined that the basic configuration of the bearings should 
be utilized in the turbopump. This would provide a solid data base for correla- 
tion between the KTI hydrostatic bearing performance predictions, NASA-LeRC test 
data, and the independent Rocketdyne performance analysis. The turbopump tests 
would provide dynamic performance data that could be correlated back to dynamic 
performance predictions based on the combined data base. After a review of the 
availab.^e data, the basic ground rules for the hydrostatic bearing design were 
agreed upon by Rocketdyne and NASA-LeRC Project Management. 

The ground rules agreed upon for the conversion of the existing Mark 48 fuel 
turbopump with conventional ball bearings to the hybrid hydrostatic/ball bearing 
configuration was as follows: 

• Maintain basic MTI design of details 

NASA-LeRC test configuration data available 
Duplicate basic pad and orifice configuration 

• Utilize materials agreed upon 

Journals and bearings - Inconel 718; thin dense chrome-plated 
journals 

Silver plating on bearing inside diameter (bearing surface) 

Axial stops on turbine bearing - Bearlum B-10 
Armalon cages on ball bearings 

• Design must allow conversion back to ball bearing configuration 

• Use special care in rotating assembly balancing 

• Instrumentation requirements were defined for 

Pressure 

Temperature 

Axial and radial position 
Shaft and journal rotating speed 

The basic design details of the hybrid hydrostatic/ba_l bearing was to generally 
match that of the NASA-LeRC test bearing configuration. The pad and orifice 
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configuration and number would duplicate that previously tested. This pad 
configuration is given in Fig. 2. The bearings and journals were made of Inco- 
nel 718 to match the material of the turbopump housings. The rotating journals 
were to be ground and then plated with thin, dense chrome and the static bear- 
ing surfaces were to be plated with silver from 0.025 mm (0.001 inch) to 0.102 mm 
(0.004 inch) thick. The axial stops on the turbine bearing for transient axial 
thrust control were fabricated of a lead impregnated bronze alloy designated as 
Beariuffl B-10. The modifications to the turbopump were also to be made to allow 
conversion back to the conventional ball bearing configuration if required. 

The selection of the orifice size and the hydrostatic bearing clearance was 
determined *^y hydrostatic analysis and the effects of these two parameters on 
bearing stiffness and damping. These parameters were used to extend the analysis 
to determine critical speed and dynamic response and stability of the rotor sys- 
tem. A wide range of operating diametral clearances from 0.0152 mm (0.0006 inch) 
to 0.061 mm (0.0024 inch) were considered in the selection process. The orifice 
size was dictated by the requirement to have the pressure ratio (fluid film pres- 
sure drop to the overall pressure drop) value of between 0.3 and 0.6 through the 
range of operating speeds and conditions. This analysis will be discussed fully 
in a later section of this report. 

The basic features of the pump-end bearing package modifications for the Mark 48 
fuel turbopump are shown in Fig. 3 and 4 in two separate views. The pump-end 
bearing flow supply enters two radial supply tubes (Fig. 3) to feed the circular 
hydrostatic bearing manifold over the bearings. The flow then enters through 
2 rows of 10 orifices each, equally spaced around the bearing, and drops into the 
bearing pad. It is then distributed into the fluid film of the bearlng-to- 
cartrldge interface and flows axially outward to discharge into the cavity on 
either side of the bearing. The discharged flow is drained overboard in the 
bearing flow discharge lines (Fig. 3). The shaft speed is measured by a magnetic 
speed sensor (Fig. 3). The radial position of the shaft is recorded by two 
radial position transducers angularly spaced 90 degrees apart (Fig. 4). Journal 
rotative speed and radial position was recorded by one of two probe ports situ- 
ated over the Journal which is overhung past the ball bearings for that purpose 
(Fig. 4). One of these two ports was dedicated early in the program to accommo- 
date the use of three small pressure transfer lines which measured bearing pad 
pressures in the hydrostatic bearing. A shaft axial position probe was also 
located in the pump inlet centerbody, as was a pressure measurement for sump 
pressure, both exiting from the inlet flange as shown in Fig. 4. 

The turbine hybrid bearing design features are summarized in Fig. 5. Two bear- 
ing supply lines supply fluid to the supply manifold. Both pump and turbine-end 
bearings are generally of similar design. The two major differences of the bear- 
ings are the discharge flow of the turbine-end bearing shares the cavity with the 
balance piston flow from the aft side of the third-stage impeller. This flow is 
returned to the second-stage Impeller inlet through the space between the center 
of the impeller hubs and the drawbolt (Appendix A). The resistance of this flow 
path was decreased to handle the added flow from the hydrostatic bearing. The 
pump-end hydrostatic bearing fluid is drained overboard. Two ports were added to 
the turbine-end bearing area. One was used for a radial position transducer 
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Figure 2. Hybrid Hydrostatic/Ball Bearing Design Dimensions 
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Figure 4. Pump Bearing Design Features 







(Bently) to measure cartridge (journal) rotation and the other as an interim 
overboard drain to ensure the balance piston sump pressure would not be exces- 
sive. Other hardware modifications to the turbine-end bearing area was to pro- 
vide additional pressure taps for balance piston sump pressure and hydrostatic 
bearing supply manifold pressure. Bearing internal pad pressures could not be 
measured in the turbine-end bearing. 

Tc accommodate axial thrust transients during start and shutdown, the turbine-end 
bearing journal end play was limited with Bearium axial rub ring stops on either 
side of the journal. 

Bearing Clearance Selection 

The final selection of the hydrostatic bearing diametral clearance was 0.0622 mm 
(0.00245 inch) at no rotational speed and 0.0305 mm (0.0012 inch) cold, and at 
9948 rad/sec (95,000 rpm) . The clearance change analytically derived by finite 
element analysis is caused by the dimensional changes of the bearing cartridge and 
journal due to chilldown, pressure load and rotational speed. These effects are 
shown in Fig. 6 and 7. The clearance change with speed and pressure effects is 
given in Fig. 8 and 9 for the pump and turbine end, respectively. The analysis 
used predicted fluid film pressure distribution as a function of speed. It is 
important to note that each component (bearing and journal) deflects due to the 
forces exerted upon them. This deflection is not uniform along the axial length 
of the bearing surface. This results in an Irregular clearance variation along 
the bearing; these data are given in Fig. 10 and 11 for the pump and turbine-end 
bearings, respectively. The net result is a surface irregularity of up to 
0.0229 mm (0.0009 inch). Design of a hydrostatic bearing clearance which is not 
Irregular during operation is difficult since the Irregular loading and stresses 
of the surfaces cannot be eliminated. 

Structural Analysis 

The design progressed with a structural analysis study to verify the design was 
adequate for full-speed operation to 9948 rad/sec (95,000 rpm). The stress anal- 
ysis of the modified turbopump consisted of developing two axisymmetric finite 
element models of the separate bearing packages, as shown in Fig. 12. Load cases 
were run to account for the interference fit between the bearing outside diameter 
and the housing, operational temperatures, cartridge rotation to 9948 rad/sec 
(95,000 rpm), and pressure fields of the manifold and fluid film. This was used 
to predict the operating clearances previously presented and to evaluate the 
maximum stress levels on the bearings and cartridges. Adequate safety factors 
were found with the minimum values greater than 3.2 on yield and 3.6 on ultimate. 

The impact to the structure due to the various modifications was also analyzed. 

On the pump end of the turbopump, the minimum limiting safety factor of 1.86 on 
pressure stress was determined for the loading adjacent to the inside diameter of 
the bearing cavity adjacent to the supply tube. Later, as the components were 
reviewed during modification, the analysis set a pressure limit of 1300 psig in 
the hydrostatic bearing manifold for a limit safety factor of 1.4. All other 
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Figure 6. Minimum Radial Clearance vs Load Components - Pump End 
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Figure 7. Minimum Radial Clearance vs Load Components - Turbine End 
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Figure il. Turbine-End Cartridge and Bearing Operating Deflections 







areas of the pump bearing and Inlet modifications showed safety factors greater 
than 10. Analysis of the modification to the turbine-end bearing indicated the 
minimum ultimate safety factor of 2.9 on pressure stress due to the removal of 
material on the inside diameter of the bearing cavity. All other areas of stress 
in the turbine-end area also were very satisfactory. 

Ball Bearing Stresses 

A concern was expressed at the start of the design study that the ball bearing 
might be overstressed as the outer race rotated with the inner race and balls 
and might incur loads greater than the ball Brinell capacity. Further concern was 
whether the armalon cages would be strong enough to carry the high rotational 
speeds. The results of the bearing analysis Indicates the ball bearing is not 
overstressed at the maximum cartridge speed. The ball outer race stress was 
calculated as a function of outer race speed with an axial preload of 445 N 
(100 pounds). The results are shown in Fig. 13 and indicate the outer race 
stress at maximum speed at 260,000 N/cm^ (377,000 psl) whereas the Brinell capac- 
ity of the balls is 344,721 N/cm^ (500,000 psl). Additionally, the analysis 
Indicated the cage would not be damaged by cartridge speed and the net diametral 
cage-to-race clearance (chilled at speed) would range from 0.0432 to 0.1956 mm 
(0.0017 to 0.0077 inch). Ball bearing B1 life was calculated as a function of 
outer race speed for an inner race speed of 9948 rad/sec (95,000 rpm) and a pre- 
load of 445 N (100 pounds). The results (Fig. 14) indicate B1 life with no cart- 
ridge rotation is 23 hours and the minimum B1 life of 6.5 hours occurs at a cart- 
ridge speed of 6283 rad/sec (60,000 rpm). The curve also indicates that cart- 
ridge speed above 9477 rad/sec (90,500 rpm) greatly improves B1 life. 

A detailed design review was conducted at NASA-LeRC on 18 December 1980. The 
review indicated that the modifications required were acceptable as developed and 
that work could proceed on the fabrication of the components. All the dimensions 
of the design were fixed at that time except for two values: the desired hydro- 

static bearing operating clearance and the orifice size. A necessity for addi- 
tional d}mamlc analysis was evident before the clearance could be established. 
This analysis will be detailed in a later section of this report. This decision 
did not, however, hinder the turbopump modification and fabrication activities 
that followed. 
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Figure 13. Ball Bearing Stress in Hybrid Bearing 
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TURBOPUMP MODIFICATION AND ASSEMBLY 


Modification 


The detail design review approval allowed the modification and fabrication of 
hardware to begin. The design required that many components be fabricated cr 
modified. These components are listed in Table 1 for both the turbine-end and 
pump-end bearings. The mnid>er of items per build and the number to be fabricated 
are listed. Spares were considered necessary on some components since it was 
expected that the hydrostatic bearings may need replacement or rework during the 
testing. The parts shown for modification or fabrication are correlated with the 
<,cmponent part numbers in Fig. 15 and Appendix A. Major modifications to the 
existing components are given in Table ^ 

The fabrication of matching components (bearings and Journals) had to be very 
closf^ly controlled. A target value of 0.0610 am (0.0024 ii rh) static, ambient 
radial clearance on the hydrostatic hearings required very high tolerances be 
held as the bearing components were machined and assembled. The bearings on the 
pump end had an added complication due to the requirement of bear.^ig pad pressure 
taps (Fig. 16). To accomplish this, holes to the bearing pads were drilled into 
the rough machined hearing. Then pressure transfer tubes were vacuum furnace 
brazed into the bearing in a combined brazing and heat treat operation. After 
brazing, the bearing was machined to final fit dimensions and the Inside diameter 
was silver plated to given requirements. The hearing was then shrunk fit into 
the pump inlet housing. The inlet housing had previously been modified to accom- 
modate the bearing as well as machined and welded to provide the hydrostatic 
bearing supply lines and instrumentation ports. After the shrink fit. the hear- 
ing inside diameter was machined to concentricity with the inlet housing and to 
the diameter of 44.303 +0.010, -0.000 mm (1.7442 +0.0004, -0.0000 inch). The 
cartridge for the pump-end bearing was then match ground for a thin, dense 
chrome plating diameter to provide 0.0610 ±0.0076 no (0.0024 ±0.0003 inch) radial 
clearance. The final configuration of the pump-end bearing in the housing is 
given in Fig. 17. 

After final machining of the pump-end bearing in place in the housing, the three 
bearing pad pressure lines were welded to transfer tubes and routed radially out 
through a larger transfer line. This was to protect them from the pump inlet 
flow. They were then sealed by brazing in the transfer tube outside the inlet 
housing body. Figure 18 shows the two bearing supply lines (largest tubes), the 
bearing pad supply pressure transfer tube (2 o'clock), the eight equally spaced 
bearing supply tapoff tubes, and other pressure taps and drains. The eight 
equally spaced bearing supply tapoff holes were designed to minimize the radial 
pressure effects on the first-stage Impeller front shroud. The flow was tapped 
off from just inside the impeller tip with the tapoff noles chamfered in the flow 
direction to minimize the entrance losses (Fig. 19). For the recirculation tests, 
the flow was tapped off to external lines and then routed back into the two large 
bearing supply lines shown. 

The inlet flange P/N 9R0015131 (Appendix A) provides an enclosing faired section 
for the pump-end bearings (Fig. 20). The modification to this part consisted of 
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TABLE 2. MAJOR COMPONENT MODIFICATION REQUIREMENTS 


TURBINE HOUSING: INCONEL 718 AND HAYNES 188 

• MACHINE FOR SUPPLY LINE, MANIFOLD, AND BEARING 
t MACHINE FOR CARTRIDGE EXTENSION 

• MACHINE FOR PRESSURE TAPS - WELD FITTINGS 

• PLUG WELD AND CLEAN UP SURFACES 

• MACHINE FOR CARTRIDGE SPEED PICKUP - WELD FITTING 

• SHRINK FIT BEARINGS - FINAL MACHINE IN PLACE 

INLET HOUSING: INCONEL 718 

• MACHINE FOR EIGHT FIRST-STAGE IMPELLER FRONT SHROUD FLOW TAPOFFS 

• MACHINE FOR TWO SUPPLY LINES, MANIFOLD, AND BEARING 

• MACHINE FOR MANIFOLD PRESSURE TAP - WELD FITTING 

t MACHINE FOR TWO CARTRIDGE SPEED PICKUPS - WELD FITTINGS 

• WELD ALL PRESSURE TAP AND SUPPLY LINE FITTINGS 

• SHRINK FIT BEARINGS - FINAL MACHINE IN PLACE 

INLET FLANGE: INCONEL 718 

• MACHINE MOUNT FOR AXIAL POSITION BENTLY 

• DRILL IN TWO VANES ADDITIONAL BEARING FLOW DRAINS - WELD FITTINGS 

• DRILL IN ONE VANE, LINE FOR AXIAL BENTLY CABLE, SUMP PRESSURE TAP 
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Pump Inlet Housing After Hod if ica cion 



Ho les 








drilling holes through three of the four radial vanes for use in Increasing the 
drain flow area for the '.taring eump, as a transfer line for the wiring to the 
proximity detector (Bently) for shaft axial position measurement and a pressure 
measurement for the bearing sump. The center inside segment of the nose piece 
was also machined to mount the axial proximeter probe. 

The turbine housing modifications were given in Table 2. After all the modifica- 
tions were made, including the machining and welding, the bore for the hydro- 
statf." bearing was final machined to concentricity with the critical pilot points 
on the housing. The bearing was then shrunk and press fit into the housing. 

Final machining of the bearing Inside diameter was completed. Figure 21 shows 
the turbine housing looking from the third-stage Impeller side. The outer diame- 
ter shown is the balance piston high-pressure orifice area and the entrance open- 
ing of the diffuser. The hydrostatic bearing with its characteristic pressure 
pads are shown aft of the balance piston aft face. The threaded section in the 
bore is used to hold the bearium low-pressure orifice rub ring for the balance 
piston which was not installed for the photo. A cross section for Setter orien- 
tation of the photo can be seen in Fig. 5. 

The complete rotor assembly of the hybrid hydrostatic/bail bearing configuration 
is shown in Fig. 22. The basic components shown, starting from the pump inlet 
end, are as follows: 

e Instrumentation nut 

e Hybrid bearing - pump end 

e Inducer 

e First-, second-, and third-stage Impellers 

e Hybrid bearing - turbine end 

e Turbli^i hot-gas seal surface - shaft 

• First- and second-stage turbine wheels 

Figure 23 shows the pump-end bearing and rotor assembly. The bearing cartridge 
has eight 0.762 non (0.030 inch) slots equally spaced about its circumference on 
the inlet end for use with a radial position proximeter to record cartridge 
speed. The Instrumentation nut at the shaft end has three distinct features 
worth noting. The end section of the nut has an axial slot cut in*'o the material 
encompassing 0.785 radians (45 degrees) of arc and 0.152 mm (0.006 Inch) deep. 
This is used to calibrate the shaft axial position on the target ring shown for 
the axial proximeter detector mounted in the inlet flange (Fig. 4). Immediately 
aft of the axial proximeter ring is a four-sided section used as a balancing and 
torqulng surface and also in conjunction with a radially mounted shaft magnetic 
speed counter to monitor shaft speed (Fig. 3). The four flats per revolution 
provide a good sine wave signal for speed counting. Just aft of this is a circu- 
lar section with a Calibration slot cut into the circumference for an arc of 
0.785 radians (45 degrees) and 0.066 imn (0.0026 inch) deep. This axial section 
was used in conjunction with two orthogonally mounted radial proximeters to mea- 
sure the shaft radial motion (Fig. 4). Aft of the instrumentation nut is the 
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Figure 22. Mark 48-F Turbo pump Rotor Assembly with Hybrid Bearings 








ball bearing locking nut. This nut also preloads the rotor asseably stackup 
throi^ the inpeller hub stack with a load of approxiastoly 40032 M 
(9000 pounds) aabient. 

The turbine-end hydrostatic bearing cartridge nDunted on the rotor aeeeid»ly 
between the first-stage turbine wheel and the third-stage indueer is giv«i in 
Fig. 24. The cartridge is shown with ei^t equally spaced slots for cartridge 
speed wmitoring. Adjacent to the slots are el^t holes drilled at Qu78S radians 
(45 degrees) off the radial and axial axes. These are to allow tiie hydrostatic 
bearing flow to discharge into the bearing cavity if the idcial position of the 
shaft were to close off the end clearance between the cartridge and the front 
axial thrust stop. Also note the set of holes in the third-stage Inpeller hid>. 
These are used for returning the balance piston and hydrostatic bearing flows 
back to the second-stage inpeller inlet. 

All nodlflcatlons were nade to the turbopunp hardware. Major problen areaa that 
had to be closely aonitored and required special care were distortion possibil- 
ities of the housings fron nachining and welding, close tolerances in natchi^ 
hydrostatic bearing clearances coabined with silver ai^ chrone plating processes, 
and shrink fits on the bearings. In general, the ni>diflcati<ms were satlsfact(»y 
due to expert professional support in the Rocketdyne nachlne and weld and plating 
facilities and several outside vendors who fabricated the cartridges and other 
conponents. 

Asseably - Rotordynanic Balancing 

The asseably of the turbopunp began with the balancing of the rotor asseably. 

The balancing of the rotor asseably was considered extreaely iaportant to the 
success of the prograa. In addition to the coaplexity of balancing the rotating 
asseably, which includes one inducer, three inpellers, and t«K> turbine wheels, 
is the problen encountered with balancing the outer races and cartridge Journal 
rings for the hydrostatic bearing. A major problen encountered is that relative 
angular position of the cartridge with the rotating asseably changes continually. 
For satisfactory operation at all speeds and chilled conditions, there is diame- 
tral clearance required between the bearing outer races and the cartridge which 
adds to the complexity. Therefore, it %#as necessary to balance both coiponents 
individually to a high tolerance prior to balancing the complete assembly. 

Proper care was also taken to control total indicated runout (TIR) on the cart- 
ridge inside diameter and bearings were selected with minimal TIR on the outer 
races . 

The balancing proceeded with detail balancing of the individual cartridges on an 
arbor. Only minor corrections were required and the assembly of the cartridge 
onto the arbor was changed to verify balance corrections were not assembly 
related. The balancing of the rotor asseably began using a set of slave bearings. 
The basic procedures used were those developed through several previous builds 
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Figure 24. 




(Fig. 25). The procedure is a step-by-step balance of the rotating assembly as 
components are added to the rotor until all components are assembled. The first 
step is to assemble the first- and third-stage impellers separated by a pre- 
viously balanced spacer arbor and obtain correction requirements for the first 
and third impeller planes. Next, the second-stage Impeller is installed and 
correction determined for the second-stage impeller plane. Next, the first and 
second turbine wheels are added and corrections are made for these planes. 

Lastly, the instrumentation nut is added and corrections made for that plane. 

This process (described above) was preceded by a series of builds to determine 
the rotor component stackup which resulted in the minimum TIRs of each component 
(Fig. 26). The angular positioning of each component was matchmarked so that 
the assembly position would be duplicated every time. The balancing process 
described was then repeated several times to determine if the correction require- 
ments repeated. At this time, it was found that the procedure for stretching the 
shaft center bolt and torquing the locking nut had to be modified. In this 
assembly, the shaft bolt is stretched on a tensile machine to 60048 N 
(13500 pounds) for a shaft stretch of approximately 9.813 mm (0.032 inch). In 
previous builds, the locking nut torque of approximately 3389 N-cm (300 in. -lb) 
was applied prior to releasing the shaft bolt. This resulted in a final net com- 
bined compressive load through the impeller stack of around 40032 N (9000 pounds). 
It was found however, that the added torque of the locking nut was responsible for 
causing variable TIR in the rotor assembly components after release by the tensile 
machine. As a result, the locking nut torque was reduced to 565 N-cm (50 in. -lb). 
This resulted in a much smaller variation in TIR after rotor assembly loading. 
Structural analysis indicated the change was acceptable and Impeller hub com- 
pression preload requirements were satisfied. The after release shaft bolt 
stretch was measured at 0.452 mm (0.0178 inch). 

The repeatability of the rotor balance between builds was found to be within 
9 X 10"3 kg-mm (0.2 gram- inch ) . The dynamic balancing of the rotor was made on 
a Glsholt balancing machine. Final rotor assendjly balance was made with the 
assembly containing the selected bearings and prebalanced cartridges. The bal- 
ance machine was checked for sensitivity by placing 0.00035 kg (0.2 grams) on 
the three impellers alternately at 1.57 radian (90 degree) increments and check- 
ing the Imbalance . The results Indicated the variation in sensitivity to be 
2.03 X 10“^ mm (8 X 10“^ inch). The final assembly runouts were measured and 
recorded in Fig. 27. 

The rotor balance was checked as a function of various angular positions of the 
hydrostatic cartridges with the cartridges in static position. For a total of 
nine mixed orientation positions, the rotor balanced within 1.35 x 10”^ kg-mm 
(0.03 gram- inch) at the instrumentation nut and turbine wheel balance planes. 
Several attempts were made to set up a balance system whereby the cartridges 
could rotate with the rotor, but none were successful. This was due in part to 
the low friction torque of the assembled bearing which was measured at 022.6 N-mm 
(0.2 inch-pound) for an assembly preload of 578 N (130 pounds). The rotor bal- 
ance was considered to be satisfactory. Satisfying the rotor balancing require- 
ments must be considered as a priority problem with the incorporation of hybrid 
bearings into a high-speed turbopump. 
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Figure 26. Partial Assembly Runouts During Balancing 
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Assembly - Balance Piston Positioning 

The axial positioning of the balance piston orifices to coincide with end play 
clearances of the turbine-end hydrostatic cartridge was recognized early in the 
program to be of major Importance. If the clearances coincide properly, the 
balance piston is allowed to control shaft axial position while the hydrostatic 
Journal is allowed adequate end play and, thus, is able to rotate freely. An 
additional concern, however, was the need to limit the axial travel of the shaft 
during start and shutdown thrust transients that the balance piston could not 
control. The need for this control resulted in a stackup analysis to determine 
the range of clearances required. 

Due to the nature of the fine axial clearances required, a bearing stickout 
analysis was required to determine how the bearing axial position from inner to 
outer race changed with changes in outer and inner race rotation changes; this 
analysis is summarize^ in Fig. 28, which also shows the stickout changes due to 
the effects of preload and shrinkage due to temperature changes. The results of 
the study resulted in the balance piston position limits given in Fig, 29. 

Ambient static to chilled operating conditions were d':veloped and are given in 
Table 3. In previous builds, the balance piston allowable travel between bear- 
ing stops was set at approximately 0.279 mm (O.Oll inch). This is for the range 
of axial load exerted on the bearing stops (or bearings) of 1779 N (400 pounds) 
in each direction. It was found, however, that bearing spring compression and 
stickout changes accounted for approximately half of the axial shaft travel allow- 
ance and would allow only 0.152 mm (0.006 inch) total end play for the turbine- 
end hydrostatic bearing cartridge if allowable balance piston travel was held at 
0.279 mm (0.011 inch). Analysis of hardware and data from previous builds indi- 
cated transient shaft axial thrust was toward the turbine and had caused the 
low-pressure rub ring some wear, whereas no evidence of high shaft thrust toward 
the pump end was seen. As a result, it was decided that a compromise would be 
used with the allowable travel c t the balance piston being raised to approxi- 
mately 0.373 mm (0.0147 inch), thus allowing the net chilled clearance or end 
play of the bearings to be 0.257 mm (0.0101 inch). In this arrangement, the low- 
pressure rub ring was to be protected from excessive rubbing in start transients, 
while the high-pressure orifice could have a negative clearance. The high- 
pressure orifice lip on the impeller dlametrally clears the housing section of 
the orifice in ambient and chilled conditions. The effects of rotation, however, 
allow the diameter of the impeller tip to grow, thus causing the radial clearance 
of the orifice to become negative. Similarly, due to Impeller and housing deflec- 
tions, as speed and pressure increases, the balance piston travel gap Increases 
from 0.137 mm (0.0054 inch) to 0.257 mm (0.0101 inch). 

The data In Fig. 30 show the results of the final assembly push-pull test of the 
shaft in LN 2 . This test is done to verify that the axial position stackup of the 
balance piston and thrust control bearing are correct. The results show that the 
turbine-end journal touches the aft rub ring (G 2 ■ 0) at a position 0.0533 mm 
(0.0021 inch) before the balance piston low-pressure rub ring makes contact. The 
figure also indicates the predicted positions of the high-pressure orifice •• 0 
for the conditions of ambient-static, chilled-static, and chilled-high speed- 
pressurized. The predicted steady-state shaft operating position range at 
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Figure 28. Bearing Fits and Stlckout Changes 
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Figure 29. Turbine End Cartridge - Balance Piston 
System Axial Position Limits 
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TURBINE END POSITION INDICATOR READING 




9948 rad/sec (95,000 rpm) is given ae between H 2 “ 1.676 nm (0.066 inch) and 
1.930 mn (0.076 inch). The position is only slightly biased toward the high- 
pressure orifice but indicates sufficient capacity and gap for proper operation. 

The exercise of trying to obtain hydrostatic journal bearing axial end-play in a 
turbopump with a balance piston thrust control is Inherent in the design of hydro- 
static bearings in a high-pressure turbopump. Hydrostatic bearings require free 
end-play for allowing the cartridge to rotate with the shaft. Similarly a 
"floating" shaft requires a high tolerance balance piston for efficient operation 
whici'. operates e^^ "ively at high speeds. For these designs then, the start and 
cutoff transients ..,.;ulre high tolerance shaft position control devices which may 
or may not be Independent of the hydrostatic bearings. It is clearly evident by 
these studies that the hydrostatic bearing design considerations for high-speed 
turbopumps must Include detailed development of shaft position control. 

Assembly - General 

The assembly of the turbopump was very closely controlled with critical clear- 
ances and build dimensions monito'‘ed throughout the build. The verification of 
clearances was generally taken by diameter or depth gage measurements of major 
components during assembly. Clearances on the pump inlet components are given 
in Fig. 31 including the radial and axial clearances of the position transducers. 
Impeller-inducer pilot diametral clearances are shown in Fig. 32. The impeller 
seal labyrinth diameters were measured on each labyrinth and the resultant diame- 
tral clearances are given in Fig. 33. The turbine-end bearing and turbine seal 
clearances are given in Fig. 34. Note the press fits required on the bearing 

inner races to shaft diameters. These dimensions were used in the bearing stick- 

out analysis for balance plston-turbine-end bearing spacing. The proximeter 
minimum radial gap for the cartridge speed monitoring also is shown. The diame- 
tral clearances for the turbine seals are shown in Fig. 35. The small clearances 
indicated at the turbine tip are from the tip of the seal rings to the copper- 
plated inside diameter of the seal rings. Similar clearances have been run to 
high speeds in other ambient GH 2 drive tests on this turbopump without excessive 

seal wear or rubbing problems. Figure 36 presents the turbine blading axial 

clearances of the test build. The nozzle-to-blade clearances were set in con- 
formance to required spacing dictated by aerodynamic design principles. 

Upon completion of the assembly Including instrumentation installation, a leak 
check was made to verify the assembly was sealed properly. Several minor leaks 
were found and corrected. After leak checks, 'he pump end of the turbopump 
assembly was Insulated by polyurethane foam covered with a fiberglass shell. 

The turbopump was then Installed in the test base. The completed *~urbopump 
assembly, insulated and -'nstalled in its base, is shown in Fig. 37. With the 
completion of the assembly, the turbopump was transported to the Advanced Propul- 
sion Test Facility (APTF) at the Rocketdyne Santa Susana test facility (SSFL) for 
Installation and test. 
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Figure 32. Mark 48-F Impeller-Inducer Pilot Diametral Fits 
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Figure 33. Mark 48-F Turbopuinp (S/N 02-1) Impeller Labyrinth Diametral Clearances 
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Figure 35. Mark 48-F Turbine Seal Diametral Clearances 





Figure 36. Mark 48-F Turbine Blading Axial Clearances 





TESTING 


Installation 


The hybrid, hydrostatlc/ball bearing turbopump configuration was Installed in 
APTF Lima test stand where it had been previously tested using conventional ball 
bearings. Initial installation consisted of plumbing existing ducting to the 
main turbopump interfaces, e.g., the pump inlet and discharge, and turbine inlet 
and discharge and securing the base to the t«_st stand structure. 

During turbopump assembly, the test facility was prepared to receive the turbo- 
pump for test. The basic major ducting requirements and tankage to be used for 
the turbopump is shown in the facility schematic of Fig. 38. A major require- 
ment for these tests was to provide a closely controlled supply of high-pressure 
liquid hydrogen for the hydrostatic bearings from a source external to the turbo- 
pump. This hydrogen supply also had to be controlled so that the pressure of the 
supply in the hydrostatic bearing manifold could duplicate the pressure levels 
supplied by the turbopump as a function of pump speed. The design of two con- 
trollers, one for each of the hydrostatic bearings, was begun early in the test 
preparations and installed in the facility. These controllers were designed to 
provide a hydrostatic bearing manifold supply pressure as a function of pump 
pressure levels fed back to the controller. The impeller first-stage discharge 
pressure was the feedback pressure reference for the pump-end bearings and the 
pump discharge pressure was used as the feedback reference pressure for the 
turbine-end bearings. The controllers can be independently used to provide the 
respective feedback pressures to the hydrostatic bearing manifold. They also can 
be set to provide a positive bias (value greater than reference pressure by a 
constant) and also provide a limit to the pressure level (for maximum supply 
pressures allowed by structural limitations). The controller designs effectively 
provided the pressure levels required within the limits of the external supply 
pressure source. 

The pump-end and turbine-end hydrostatic bearing supply system is depicted sche- 
matically Fig. 39 and 40, respectively. Also shown is some of the turbopump 
instrument, ition. The fluid supplied for each system goes through the controller 
regulator . Downstream of the controller is the sharp-edged orifice flow measur- 
ing levice- for -tieasuring pressure drop across an orifice and temperature instru- 
mentatiot. befoio the fluid enters the turbopump bearings. The pump-end bearing 
drain li.ne is snown in Fig. 39. In Fig. 40, the turbine-end supplemental drain 
line is snown. This drain was used and dumped overboard, although the majority 
of the balance piston sump flow goes back to the second-stage impeller inlet. 

The placement of the turbopump in the facility was completed by installation of 
the instrumentation lines (Fig. 41 and 42). The large number of facility and 
turbopump ins', rumentation lines for the pressure measurements were plumbed indi- 
vidually from each pressure tap source to banks of pressure transducers located 
on the top, bottom, and sides of the turbopump stand. The electrical wiring from 
the transducers was routed to the facility recording center. Temperature and 
Bently proximeter signal cables were similarly routed. In Fig. 41, the servocon- 
troller mechanism for the pump-end and turbine-end bearings is shown on the left 
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Figure 38. Gaseous Hydrogen Turbine Drive and Hydrostatic Bearing External Supply 
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and Instrumentation 













nation - Pump Inlet Side 





and right side of the turbopunp. respectively. The photographs were taken prior to 
the insulation of all the liquid hydrogen supply and punp flow lines. Figure 42 
shows the puiq> inlet side of the installation. For this configuration* the 
external bearing supply was in use. The puap internal hydrogen supply to the 
hydrostatic bearings was not plumbed in, rcsultliig in eight blanked lines extend- 
ing from the pump first-stage impeller area of the housing and a plugged tapoff in 
the pump discharge line just downstream. of the piezometer ring and pump discharge 
temperature ports (upper left section of Fig. 42). 

Instrumencac iou 


The Instrumentation conformed to turbopump and facility requirements to monitor 
the turbopump and control the tests. These requirements were reviewed and 
defined in the test plan approved by the NASA-LeRC project manager (Ref. 17). 

The instrumentation for the turbopump is given in Fig. 43. The turbopunp body 
and internal sections were heavily instrumented with pressure, temperature, 

Bently proximeter, magnetic speed, and accelerometer sensors. Other sensors 
monitored all facility ducting and tankage. 

All pressure, temperature, and flow measurements were recorded on tape during 
each test by means of a Beckman Model 210 Data Acquisition and Recording System. 
This system acquires data from the transducers and converts the data to digital 
form in binary-coded decimal format. The latter is recorded on tapes which are 
then used for computer processing. The Beckman Data Acquisition Unit sequen- 
tially samples the input channels at a rate of 5625 samples per second. Pro- 
grammed computer output consists of tables of time versus the average parameter 
value over a preselected slice time printed out at the appropriate slice time 
intervals for the run duration. Calibration factors, prerun and postrun zero 
readings, and relat'd data also are provided. The Instantaneous parameter values 
are machine-plotted ind displayed as CRT outputs on appropriately scaled and 
labeled grids for simple determination of gradients, establishment of steady- 
state conditions, etc. For the turbopump tests, a computer program was avail- 
able to calculate propellant flowrates and turbopump actual and scaled perform- 
ance parameters. This program was modified to include hybrid bearing parameters 
from its previous use on conventional ball bearing testing of this turbopump. 

The primary data recording system for the testing was the Beckman 210 System. 

The following auxiliary recording systems also were employed: 

1 . One Honeywell direct reading oscillograph was used to record the 
dynamic data such as Bently shaft movement, accelerometer data, and 
raw shaft speed signal. 

2. Direct-inking graphic recorders (DIGRs) ; three six-channel Watanabe 

strip chart recorders and nine Esterllne-Angus two-channel strip chart, 
recorders were used. These ''harts aided in sett.i.. g prerun propellant 
supply pressures and, also. re used for recording of system tempera- 
tures and pressures co quick-look information and redline moni- 

toring, and as secondary backup to the Beckman and oscillograph 
recorders. 
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Figure 43. Mark 48-F Turbopunp Instrumentation 



3. Event recorders to record sequences and other event functions 

4. A high-frequency tape recorder tms used to record output of high- 
frequency transducers, including proxlaeters, acceleroaeters, and 
spe^ signals. A real tlse and test start signal was included for 
data analysis. 

5. Oscilloscopes were used for real tine display of the Bently transducer 
and acceleroneter outputs to be used as redllnes during operation If 
certain anonalles occurred. 

6. A television caaera was utilized with taped replay capabilities. Key 
areas of the turbopuap systoi were aonitored for real tiae operational 
analysis. 

7. Bell and Howell action picture coverage was required for each test. 

Film processing was deterained following each test. No flla process- 
ing was required. 

8. Still photographs of each test hardware installation were required for 
presentation in test reports. 

A susaary of all the instmaentatlon requireaents for the turbopuap test prograa 
is shown in Table 4. They include Instruaentation to obtain the basic perfor- 
aance data of the puap and turbine, facility instruaentation to control the test, 
and special instruaentation for operation of the hydrostatic bearing flow systeas 
on both puap and turbine sides. The table utilizes the saae paraaeter identifi- 
cation on those paraaeters used in previous testing and Indicates the type of 
Instruaentation required. 

Instnnsentation and transducer calibrations were used to obtain appropriate fac- 
tors for test data reduction and to develop statistical histories for each trans- 
ducer so that estimates of short- and long-tera deviations could be aade and 
probable error bands calctilated. The calibration aethods used for the various 
types of transducers are described below. 

Pressure transducers are calibrated against nigh-preclslon Bourdon tube gages. 

The latter are calibrated periodically on Ruske deadweight testers, with weights 
traceable to NBS. 

Subsonic venturis are calibrated by the vendor for discharge coefficients as a 
function of Reynolds number with traceability to the National Bureau of Standards. 
Using the upstream pressure, upstream temperature, and upstream to throat differ- 
ential pressure measurements, the flowrates are accurately calculated using a 
computer program that accounts for changes in density through the venturi and 
venturi dimensions due to the cryogenic temperatures. On small supply and drain 
lines, the flow was measured using sharp-edged orifices with measured pressiire 
differences and temperatures used to calculate flow from the standard orifice 
equations. 

Resistance of the platinum resistance thermocouples used in the propellant lines 
are converted to millivolt outputs by a triple-bridge system. Transducers are 
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calibrated at Ice point and LN 2 boiling point and, when applicable, at LH^ 
boiling point. Thermocouple data are reduced on the basis of the standard NBS 
mllllvolt/temperature tables. Thermocouple recorders are electrically calibrated. 

With each proxlmeter used, the spacing bet%reen the proximeter and the target 
material was documented on assembly. On each target of the proxlmeters, a small 
notch of a given depth was added that provided a slope of the calibration curve 
throughout the test. Bench testing of the proxlmeters and rotor assendily veri- 
fied the calibration notch concept. A typical example Is the signal output for 
the two radial proxlmeters used for shaft radial movement at ambient test condi- 
tions (Fig. 44). The top of the figure shows the profllometer trace of the slot 
0.066 mm (0.0026 Inch) deep In 0.785 radians (45 degrees) circumference of the 
Instrumentation nut of Fig. 22. The lower traces show the Individual signal 
output as the shaft Is rotated past the two proxlmeters which are 7.62 mm 
(0.300 inch) In diameter and spaced orthogonally or 1.571 radians (90 degrees) 
apart. The calibration curve of the proxlmeter S/N 002 at ambient conditions, 
for different radial gap spaclngs from the shaft nut, shows the linear range of 
the transducer (Fig. 45). Also note the expected d-c shift due to hydrogen 
environment temperatures taken from previously tested proxlmeters with K-Monel 
targets. The smaller 4.826 mm (0.190 Inch) diameter pump-end proxlmeter probe 
(P/N ES 91792-02) calibrations on Inconel 718 cartridge target material show a 
much smaller linear range of signal with gap (Fig. 46) than the larger diameter 
probe (Fig. 45). This limits the small probe range of measurement capability 
over that of the larger probe. 

Testing 

A total of 15 tests was conducted on the turbopump with the hybrid hydrostatic/ 
ball bearing configuration. The sumaary of the testing is given In Table 5. 
Hydrostatic bearing data for the tests having significant data are tabulated In 
Appendix B. During the test series, a total of 1261 seconds of shaft speed 
rotation was observed with the maximum test speeds near 9215 radlans/sec 
(88,000 rpm) on tests 012 and 014. The tests were run in three series. The 
first of the series (test 001) was a blowdown test with all Instrumentation sys- 
tems, and start sequencing completed including external flow supply at varied 
pressure levels on the hydrostatic bearings. No gaseous hydrogen was supplied 
to the turbine to allow pumping and shaft torque. This allowed the checkout of 
all Instrumentation systems, chilldotm, start procedures, and sequencing. The 
influence of pretest turbine-end hydrostatic bearing supply pressures on the 
balance piston sump pressures and the axial thrust balancing effects of added flow 
in the balance piston sump pressure also were determined. The second test series 
was with turbine GH 2 drive using an external liquid hydrogen flow supply to the 
hydrostatic bearings. This series Included tests 002 through 011. During this 
test series, shaft speeds were obtained to 8482 radians (81,000 rpm). A wide 
range of hydrostatic bearing supply pressures t>- .882 N/cm^ (2730 pslg) on the 
turbine end and 758 N/cm2 (1100 pslg) on the pump end was achieved. Bearing 
supply flowrates were continuously monitored and start acceleration rates were 
simulated from 628 to 10472 radlans/sec/sec (6000 to 100,000 rpm/ sec ) . Also on 
the last test (Oil), a simulation of a pump-fed bearing supply or internally 
supplie'd flow was achieved with the required settings on the bearing flow con- 
trolleis previously discussed. On the third test series (tests 012 to 015), 
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Figure 44. Shaft Radial Proxiraeters Signal Characteristics 
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Figure 46. Bently Probe, Pump Cartridge Speed Pickup Checkout 
Test Results 
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Internal pump-fed bearing supply flows were used. Turbine-end bearing supply 
pressures using a pump discharge supply source were achieved to 2413 N/cm^ 

(3500 pslg) and pump-end supply pressures fed from the first-stage liq>eller front 
shroud tapoff source achieved a supply pressure of 655 N/cm^ (950 pslg) . Shaft 
speeds In excess of 9110 radlans/sec (87,000 rpm) were achieved on tests 012 and 
014. In these tests, the bearing supply flowrates were Individually measured by 
routing the tapped off ptnp source flows through the flow-measuring orifices 
prior to routing the flow Into the supply lines. 

A summary of the Indlvldurl tests with their objectives, duration, problems, 
and accomplishments fol yv. Reduced dc La points of each test having valuable 
data can be found In Appendix B. 


T est 001 . This test was a blowdown test at chilled conditions with the objec- 
tives of checkout out the chilldown procedures, and turbopump test sequencing up 
to, but not Including, a startup with turbine GH 2 siqiply pressure. Four major check- 
outs were required: (1) the hydrostatic bearing supply temperature levels from 

the external tank supply, (2) the balance piston s^'mp pressure levels as a func- 
tion of hydrostatic bearing supply pressure, (3) the pump bearing sump pressure 
level as a function of bearing supply pressure, and (4) a checkout of all the 
Instrumentation including the Beckman data acquisition ^nd all other recording 
devices. The test started with increased inlet pressure from 28 N/cu^ (40 pslg) 
to 65 N/cm^ (95 pslg) over 120 seconds. During this time, the shaft wind-111 
speed varied from 21 radlans/sec (200 rpm) to 147 radlans/sec (1400 rpm) and the 
hydrostatic cartridges rotated intermittently. Pressurization of the hydrostatic 
bearings external supply tank (tank 11) was Increased to 3170 N/cm^ (4600 pslj). 

The pump bearing manifold pressure increased to a maxisnim 474 N/cm^ (687 pslg), 
while the sump pressure increased only 7 N/cm^ (10 psl) over inlet pressure. The 
turbine bearing manifold pressure Increased to 545 N/cm^ (790 pslg), while the 
balance piston sump pressure increased to 92 M/cm (133 pslg) or 26 N/cm^ (38 psl) 
over inlet pressure. During this time, the axial Bently showed the s'naft moved 
forward as expected due to the pressure in the balance piston sump. Corrections 
In procedures developed by the test results were the chilldown procedures and 
pressures used which resulted In reduced LH 2 usage of chilldown. Also, theliydro- 
statlc bearing supply pressure controllers were found to require Increased 
response rates to keep up with the tank 11 pressurization. Data acquisition 
p.:oblems were corrected and pressure controller systems monitoring were improved. 
This test was very successful. 


Test 002 . This test was the flrsc attempt to start the turbopump with GH 2 drive 
gas. The objectives were a checkout test with the Initial startup to 
3665 radlans/sec (35,000 rpm) with each of the hydrostatic bearing supply con- 
troller pressures set at 103 N/cm^ (150 psl) above the reference turbopump pres- 
sures (first-stage impeller discharge pressure foji pump end ^nd pump discharge 
pressure for turbine end). The test went well \mtil the tank 11 pressure was 
Increased prior to sta-t to 16S2 N/cm^ (2440 pslg) when the redllne for the pump 
bearing flow controller valve position cut the test by indicating the supply 
valve was closed. This indicated further controller open-close redllne analysis 
was required and the ;tem test control was further modified in an effort to 
minimize unnecessary _st redllne cutoffs from the controller system. 
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Test 003 . This test was a checkout test similar to test 002 to achieve the 
following: (1) startup checkout with hybrid hydrostatic bearings to 

3665 radlans/sec (35,000 rpm), (2) checkout balance piston axial thrust control, 
(3) checkout hybrid bearing behavior at startup and through first and second 
predicted critical speeds, and (4) checkout facility capability for control of 
turbopump and hydrostatic bearing. The turbopump started up very fast and 
reached a speed of 3037 radlans/sec (29,000 rpm) in 200 milliseconds; the pump 
cartridge speed accelerated to 837 radlans/sec (8000 rpm) in 1.2 seconds. After 
that, the test was cut automatically due to a low inlet pressure redllne. This 
was due to the rapid acceleration of the turbopump reducing the inlet pressure 
below the cavitation redline. The speed control system that allowed the high 
start acceleration was checked out and corrected. 

Test 004 . This test was designed to complete the objectives of test 003 and 
achieve extended running time on the bearings at low speed. The start was stixl 
very rapid with shaft speed to 3120 radlans/sec (29,800 rpm) in 0.7 second and 
then to 3946 radians/sec (37,680 rpm) in 6 seconds. The turbine cartridge went 
to 251 radians /sec (2400 rpm) in 1 second and then back to zero in 3 seconds. 

The pump cartridge accelerated to the shaft speed of 3921 radians/sec (37,440 rpm) 
in 7 seconds. The hydrostatic bearing supply manifold pressures at the control- 
lers were set to 103 N/cm^ (150 psi) over reference pressure at start. After 
startup, the speed was reduced to 2308 to 2618 radians/sec (22,0C0 to 25,000 rpm) 
and held for 200 seconds. The controlled hydrostatic bearing supply reference 
delta pressure was raised to 552 N/cm^ (800 psi) and 700 N/cm^ (1015 psi) for the 
pump and turbine end, respectively. Near the end of the test, the speed was 
reduced to 1910 radians/ser (18,240 rpm) for approximately 20 seconds. During 
the test, the pump cartridge followed shaft speed %>hlle the turbine cartridge did 
very little rotating. During the test, the speed was manually changed over a 
small range in an attempt to see if the turbine-end cartridge might begin to 
rotate. It should be .loted that the hydrostatic bearing supply pressures were 
controlled nicely with the control system providing adequate response with speed 
changes and tight control of the values desired. 

Test 005 . The objectives of this test were to operate to speeds of 6807 radians/ 
sec (65,000 rpm) and to get test data at very stiff and medium stiff hydrostatic 
bearing pressures, and also, to veri..^ axial thrust control at high speeds. On 
test 005, the start was targeted to 3141 radians/sec (30,000 rpm) but was cut due 
to an erroneous overspeed signal to 5864 radlans/sec (56,000 rpm). The speed was 
thought to be erroneous because of the low turbine drive inlet pressures recorded. 
Pump-end cartridge acceleration was to 1528 radians/sec (14,590 rpm) in 
1.40 seconds. 

Test 006 . Ihis test had the same objectives of test 005. The shaft speed 
reached was approximately 3560 radians/sec (34,000 rpm) at start and was held in 
that range for '^61 seconds. The shaft speed output in the test indicated a very 
erratic condition. This was due to signal conditioning circuitry and attempts 
to correct it as the test progressed failed. During the test, the pump cartridge 
tracked the shaft but the turbine cartridge showed little rotation. At the lat- 
ter part of the test, supply pressure levels were Increased from ’59 N/cm^ 

(230 psi) to 579 N/cm^ (840 psi) above reference pressure for ♦•he pump bearing 
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and from 276 N/cm^ (400 psi) to 758 N/cm^ (1100 psl) above reference pressure for 
the turbine bearing. Cutoff occurred due to the turbine bearing flow controller 
servovalve reaching its redllne full-open position. This was caused by inade- 
quate pressure in the tank 11 supply for the very high supply pressures required. 
After the test, procedures for repressurlzlng tank 11 and correction of the shaft 
speed circuitry were initiated. 

Test 007 . The objectives of this test were to extend the speed of test C06 to a 
speed of 6807 radians/sec (65, (XK) rpm). The turbopump was run to 3519 radians/ 
sec (33,600 rpm) for 25 seconds at the preset bearing supply pressures. Attempts 
to increase the supply pressures by first increasing tank 11 pressure resulted in 
the pump bearing valve indicating full closed due to the high tank 11 pressures 
existing and the hi^ pressure drop required across the servovalve. The redlines 
set on the valves were to protect the system from losing control of the hydro- 
static supply pressures. The problem arose that for high pressure drops, the 
valves would approach fully closed to within less than 5Z open. When this hap- 
pened, the position monitor device did not have enough sensitivity to read the 
last 5Z on closure position and, as a result, activated the redline. The revi«f 
of the redlines indicated that these servovalve close and open redlines could be 
deleted if other test procedure precautions and redlines were incorporated, which 
was done. At this point in the test.'ng, the pump cartridge speed tracked the 
shaft well. The turbine cartridge did not track but, on occasion, had rotated 
some as higher bearing supply pressures were used and higher speeds were reached. 
From the data analysis the indications were that at higher shaft speeds, the 
balance piston axial position would be more favorable to the turbine cartridge 
end clearance and the cartridge would begin to rotate with the shaft. 

Test 008 . This test was very successful from a standpoint of operating time and 
areas covered in speed and hydrostatic bearing pressure r-'nges. The object of 
the test was to obtain a maximum speed of 6807 radlans/s< - (65,000 rpm) and 
obtain a wide range of hydrostatic bearing operating conditions. The turbopump 
operated for 140 seconds at three basic speed levels of 3403, 6597, and 
5027 radians/sec (32500, 63000, and 48(X)0 rpm) . A trace of the operating con- 
ditions of the hydrostatic bearings pressures is given in Fig. 47. The data 
plotted are the operating levels of the pump and turbine-end hydrostatic bearing 
supply pressures (which are controlled by the supply pressure controllers as 
described) as a function of pump speed. The figure shows the supi^ pressures 
at ^ start, increasing with speed to the first operating point at 
3299 radlans/sec (31,500 rpm), then increasing the two hydrostatic bearlr>g sup- 
ply pressures to higher values at point @ , then again to higher values and 
back to lower values @ again. (Note: The pump-end supply maximum pressure 

limit of 758 N/cm^ (1100 pslg) was maintained while the turbine-end bearing pres- 
sure was varied.) The pump shaft speed was then increased with the turbine-end 
hydrostatic bearing supply pressure tracking reference pressure to point 
where the tank 11 supply pressure matched turbine-end supply pressure Q) . The 
jpeed was held at around 6702 radlans/sec (64,000 rpm), while the hydrostatic 
pressure reduced slowly to 1172 N/cm^ (1700 pslg) (^ . The shaft speed was 
then slowly reduced to 5027 radiai.s/sec (48,000 rpi^ ^ and held constant as 
the supply pressure further reduced to 827 N/cm^ (1200 pslg) for the turbine 
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bearings and 655 N/cm^ (950 pslg) for the pump-end bearings . The test was 
then termirated with the shaft speed going to zero. 

During the test, the pump-end cartridge followed the shaft speed at all condi- 
tions. The turbine-end cartridge began rotation at start but returned to zero 
speed approximately 1.8 seconds Into the test. An interesting correlation of 
turbine-end cartridge rotation has been developed from the two proxlmeter mea- 
surement outputs for the shaft axial position and the turbine cartridge rotation, 
as shown In Fig. 48. The time expanded and correlated data show the plot of . 
shaft axial position as measured from the axial Bently proxlmeter shown. Also 
shown In Fig. 48 is the movement signal of the turbine cartrdlge as each of the 
eight flat faces of the cartridge face registers a peak on the trace. The 
results show the shaft moves forward toward the pump end at startup approxi- 
mately 0.305 mm (0.012 Inch) and then eventually back to approximately 0.229 mm 
(0.009 inch). At this point, the aft movement allows the turbine cartridge 
freedom to accelerate for 330 revolutions of the shaft, which it does until the 
shaft starts to move slightly forward axially. Vftien this happens, the turbine 
cartridge speed quickly tails off and stops within 280 shaft revolutions. Through- 
out the test, the turbine cartridge occasionally changes its clocking, but only 
at a very low and erratic frequency. These data show hard evidence that the 
shaft forward movement does not allow the turbine cartridge to rotate. Further 
analysis of the shaft movement to the higher speeds (shown in Fig. 49) indi- 
cate« the pump end of the shaft moves aft nearly 0.051 mm (0.002 inch) as speed 
incr ises and at shutdown moves gently back to the backstop. During these shut- 
down transients, the turbine-end cartridge on some tests had shown some slight 
rotation as well. It should be noted that on test 008, a critical speed was 
detected at approximately 3665 radlans/sec (35,000 rpm). Also on this test, a 
casing resonance was seen at about 950 Hz with a maximum amplitude of 12 g at a 
speed cf 5969 radlans/sec (57,000 rpm) as the speed was being reduced to 
50.V radlans/sec (48,000 rpm). The dvnamic activity of each test will be 
reported in the dynamic analysis section of this report. 

Test 009 . The objectives of test 009 were to test the hydrostatic bearing turbo- 
pump at speeds to 9634 radians/sec (92,000 rpm) while operating at very stiff and 
medium stiff supply pressure levels on the hydrostatic bearings. Verification of 
turbopump axial thrust control was an initial check to be made at high speeds 
before the te. t could proceed. This was done by setting redlines on the balance 
piston cavity and pump pressures basea on previous test data and current analy- 
sis. Test 009 was cut off on a high inlet tenq>erature redllne at startup and no 
usable data were generated. 

Test 010 . The objectives of test 010 were similar to those of test 009. The 
planned procedure was to start with medium level supply pressures on the hydro- 
static bearings of 128 N/cm^ (185 psl) above reference for the turbine supply 
and 193 N/cm^ (280 psl) above reference for the pump-end supply. Thi*? was done 
and the shaft speed was raised to 4294 radian/sec (41,000 rpm) in approximately 
7 seconds. While holding a constant speed, the bearings were pressurized to hig^ 
stiffness 1586 N/cm^ (2300 pslg) on the turbine end and 758 N/cm^ (1100 psig) on 
the pump end). The shaft speed was increased to 8482 radlans/sec (81,000 rpm) 
wh-'.lo targeting for 8901 radlans/sec (85,000 rpm). At this point, the test was 
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Figure 49. Shaft Displacement. Mid-Speed and Shutdown - Test 008 
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cut due to the redllne vibration safety cutoff (VSC) circuit by pump radial 
accelerometers registering a vibration level greater than 15 g. The data show 
critical speed levels of 3770 radlans/sec (36,000 rpm) and 8482 radians/sec 
(81,000 rpm) and a casing resonance at 5970 radlans/sec (57,000 rpm). The tur- 
bine cartridge rotation was negligible through the test, and the pump-end cart- 
ridge showed evidence of an inability to track shaft speed at the speeds above 
7330 radlans/sec (70,000 rpm). The shaft and pump-end cartridge speed are shown 
in Fig. 50. The data show that during the shaft acceleration from 4294 radians/ 
sec (41,000 rpm) to high speed, the pump-end cartridge tracked shaft speed very 
well initially. At a shaft speed of 7435 radlans/sec (71,000 rpm), the pump cart- 
ridge speed decelerated as if it had rubbed the bearing wall and then quickly 
recovered speed and tracked the shaft to 7750 radlans/sec (74,000 rpm), when it 
quickly decelerated again as if it had touched the bearing wall. Touching is 
indicated by the radial Bently proximeter traces at the points of first, second, 
and third cartridge decelerations. At this point, the cartridge did not return 
to shaft speed but found an intermediate speed of 5760 radlans/sec (55,000 rpm) 
and operated there with minor fluctuations until the test cut off due to exces- 
sive vibration levels. Note also in Fig. 50 that the cartridge increased its 
speed at cutoff until the shaft speed matched it and then both decelerated 
together. These data are closely analyzed and reported in the Dynamic Analysis 
section of this report. 

Test Oil . The objectives of this test were to operate at an increased turbine 
pressure ratio in an attempt to change the balance piston axial thrust position. 

This was to provide added end play to the turbine cartridge to allow it to rotate. 

The pressure ratio was changed from 1.5 to 2.0 by decreasing the turbine down- 
stream exhaust resistance. The estimated axial thrust change of turbine was 
4893 N (1100 pounds). An additional objective was to operate at hydrostatic 
bearing pressure levels so as Co simulate internal (turbopump fed) supply conditions. 
The test was begun with the hydrostatic bearing supply pressures set at less 
than 68 N/cm^ (100 psl) above respective reference pressures on pump and turbine 
bearings. This was the minimum flow to keep the bearing temperatures at respect- 
able start conditions. The turbopump start brought the speed to 4189 radians/ ^ 
see (40,000 rpm) in 3 seconds, and the bearing pressures were then reduced to 
simulate pump-fed conditions. After startup, the turbine cartridge showed very 
little signs of rotation. As a result, che speed was varied from 4189 radians/ 
sec (40,000 rpm) to 1675 radlans/sec (16,000 rpm) and the flowrates were varied 
from 90 to 122% of nominal with very little effect on turbine cartridge rotation. 

The speed was then increased slowly to 5864 radlans/sec (56,000 rpm) where the 
test was cut due to excessive vibiation levels caused by the previously mentioned 
housing resonance. During this test, the pump-end cartridge tracked the shaft 
speed while the turbine cartridge rotation was sporadic and at very low speed 
when turning, although some slight improvement in cartridge rotation was 
evident . 

The results of test Oil indicated some improvement in turbine cartridge rotation and 
dictated further increases in the turbine pressure ratio to approximately 2.5 for 
shaft-balance piston repositioning. Conversion to the internally fed hydrostatic 
bearing pressure supply was also initiated. This entailed tapping off the punp 
discharge line and routing the flow throueh the pressure controller and flow 
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measurement orifice before entering the turbine bearing supply lines. The pump 
supply was taken from eight first-stage Impeller discharge tapoff lines mani- 
folded together, then routed through the pressure controller and flow measure- 
ment orifice before entering the pump-end bearing supply lines. The pressure 
controllers were locked open (not used) and an overboard dralnllne was Inserted Into 
the recirculation loops to facilitate chllldown. These drains were closed during 
test. 

Test 012 . The objectives for this test were to operate with internally recir- 
culated supply flow to the hydrostatic bearings as previously described. The 
plan was to start to an Intermediate speed, verify the balance piston operation 
and turbine cartridge rotation, then Increase speed to 9924 radlans/sec 
(90,000 rpm) and get some operating time at hl^ speed. The pump start was suc- 
cessful to 4189 radlans/sec (40,000 rpm) In 10 seconds. The shaft speed was 
then varied down to 2094 radlans/sec (20,000 rpm) to attempt to get the turbine 
cartridge to speed. At this level, the turbine cartridge speed varied from zero 
to 1204 radlans/sec (11,500 rpm). The speed was then Increased toward a target 
speed of 9425 radlans/sec (90,000 rpm) In 10 seconds but. In 8 seconds, when the 
shaft speed reached 9215 radlans/sec (88,000 rpm), the test was terminated due 
to facility ducting. low-frequency pressure oscillations. During the acceleration, 
the pump cartridge cracked the shaft speed for 6 seconds to 9163 radlans/sec 
(87,500 rpm) then dropped to- 2094 radlans/sec (20,000 rpm) before test cutoff. 

The turbine-end cartridge delayed acceleration until a shaft speed of 7645 radians/ 
sec (73,000 rpm) and then accelerated to 3665 radlans/sec (35,000 rpm) before test 
termination. The Increased pressure ratio on the turbine to 2.5 at 9215 radians/ 
sec (88,000 rpm) helped the end play problem with the turolne cartridge but not 
enough to allow completely free rotation. The hydrostatic bearing supply pressures 
from the Internally fed system worked as expected. 


Test 013 . On this test, the speed probe that reads the shaft speed would not pro- 
vide an output signal and the test was terminated due to shaft high-speed acceler* 
atlons causing a low Inlet pressure redllne cutoff. During this start, the shaft 
Is estimated to have reached 5340 radlans/sec (51,000 rpm) In 1.6 seconds. The 
pump-end cartridge accelerated to 1728 radlans/sec (16,500 rpm) In 1.9 seconds and 
the turbine cartridge accelerated to 544 radlans/sec (5200 rpm) In 1.9 seconds. 
These data Indicated the turbine cartridge was rotating more freely with the higher 
turbine pressure ratio. The speed probe was found tc "lave gone bad at the shutdown 
of. test 012 when chilled. It operated satisfactorily during ambient conditions 
in pretest checks of test 013, but would not function at LH 2 temperatures. 

Test 014 . The objectives of test 014 were to test the turbov *mp to 9425 radians/ 
sec (90,000 rpm) with the Internally fed hydrostatic bearings. This was to be 
done In three speed steps of 3141, 7854, and 9425 radlans/sec (30,000, 75,000, 
and 90,000 rpm) with balance piston operation and cartridge rotation verified at 
each speed. All three speed levels were generally achieved. The pump was 
started to 3141 radlans/sec (30,000 rpm) In 7 seconds. The speed was varied 
between 3246 to 2932 radlans/sec (31,000 to 28,000 rpm). Turbine cartridge speed 
varied from 1152 to 890 radlans/sec (11,000 to 8500 rpm). The pump cartridge 
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tracked shaft speed. After 71 seconds > the shaft speed was Increased to 
7959 radlans/sec (76,000 rpm) . The turbine cartridge speed went to zero and 
remained. The pump cartridge tracked to 5445 radlans/sec (52,000 rpm) and 
eventually worked its way up to 6702 radlans/sec (64,000 rpm) although indlca- > 
tlons of touching decelerations occurred throughout the 66 seconds of operation 
at this condition. The speed of the shaft was then increased to 9111 radlans/sec 
(87,000 rpm) In 5.8 seconds. During this tine, the pump cartridge worked Its 
way to zero rpm in 2.6 seconds. While the pump cartridge was decelerating t'' 
zero, the turbine cartridge speed increased from zero to 2639 radlans/sec 
(25,200 rpm) In 2.2 seconds, then Innediately dropped back to zero In 0.5 second. 
During this period of speed Increase, the vibration levels were Increasing and 
the vibration safety cutoff redllne of 20 g ms was reached, causing shutdown. 

The supply pressure levels of the hydrostatic bearings at maximum speed reached 
maximum values of 607 N/cm^ (880 pslg) for the ptioq>-end bearing and 2261 N/cm^ 

(3280 pslg) for tlie turbine-end bearing. It should be noted that much more turbine 
cartridge rotation was achieved at the highest turbine pressure ratios of this test. 
This indicates that the balance piston axial position was such as to nearly provide 
free end play for the turbine cartridge at the hipest speeds Indicate the limits 
on clearance may be reached; however. It Is mainly tied to the large amplitude of 
vibration levels encountered at these speeds. The dynamics of this test ill be 
fully developed In the Dynamics Analysis sectiott of this report. 

Test 015 . This test was attempted imsiedlately following the test 014 In an 
effort to achieve more operating time at high speeds In the 9425 radlans/sec 
(90,000 rpm) range. The pump start sequence was initiated, but the shaft would 
not rotate although a high turbine Inlet pressure equivalent to 5760 radlans/sec 
(55,000 rpm) was supplied to the turbine. The test was terminated due to high 
vibration levels 2.5 seconds after the turbine drive pressure was applied. The 
data Indicated no rotation. Posttest torque checks after the turbopump warmed 
up to ambient temperatures Indicated both the shaft cmd cartridges would rotate 
relatively easily. Some slight rubbing sounds were emanating from the turbine tip 
and labyrinth seals during rotation. At this point, the major objectives of 
the program had been achieved. A major teardown and inspection was required 
before further testing would be beneficial. i,s a result, the turbopump was 
removed from the test stand for disassembly and inspection. 

Turbopump Disassembly — Mechanical Performance 

At the end of the testing, the turbonump dizassem^ly and Inspection provided 
Interesting Information regarding the condition and mechanical performance of the 
test hardware. After removal from the test stand, the turbopump was returned to 
the Engineering Development Laboratory at Rocketdyne. Insulation was removed and 
the turbopump was pressure checked to confirm Instrumentation line integrity. 

The balance piston cavity pressure line vas found to have been damaged during 
disassembly and needed repair for a leak. Torque checks were performed on the- 
shaft after removal of the cartridge speed proximeters. A cross section oi the 
turbopump is given Fig. 1. With the turbopump shaft horizontal, the torque 
was 11.3 to 17 N-cm (1.0 to 1.5 in. -lb), with the pump hydrostatic cartridge 
rotating intermittently with the shaft. A sllgh*- radial pressure on the pump 
cartridge resulted in Increased torque to 17 to 45 N-cm ;,i.5 to 4.0 in. -lb). The 
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turbine cartridge did not rotate with the shaft rotation when the pumo centerline 
was either horizontal or vertical, but did not indicate it was frozen or bound up. 

The slightly increased torque levels over the build values probably indicate the 
resistance due to the impeller labyrinth sea’ and turbine seal da lage found during 
the disassembly. 

The first- and second-stage turbine wheels were removed (Fig, 51). The tip seals 
showed excessive rubbing, as did the interstage seal on both wheel sides. No gal- 
ling or fretting was observed in the turbine end to shaft attachment surfaces. The 
shaft torque checks taken after turbine wheel removal were between 5.6 to 11.3 N-cm 
(0.5 to 1.0 in. lb) in all shaft positions and represents the same values found In 
pretest assembly. The push-pull test was made on the pump witli th“ shaft position 
measured as a function of load. The results duplicated the J c. the pretest 
push-pull within 0,025 mm (0.001 inch) (Fig. 30). Removal of the turbine seal and 
inspection showed a slight rubbing evident on the shaft circumference (Fig. 52), 
but no sign of wear or scoring, except for light chatter marls indicating some 
intermittent rubbing pattern. 

Removal of the aft rub ring of the turbine cartridge showed onl, slight, even rubbing 
with no scoring ot the bearium BIO rub rin*^ or Inconel 718 cartridge. At this point, 
the radial shaft movement side to side was measured. The total movement without high 
radial load was 0.1397 mm (0.0055 inch) at the .amp end and 0.1422 mm (0.056 inch) at 
the turbine end. This is close to that expected as the pump end diametral clearance 
of the bearing was 0.1245 mm (0.0049 inch) and the outer race of 0.0330 mm (0.0013 
inch), for a total of 0.1575 mm (0.0062 inch). Sim..larly, the turbine end values of 
U.1143 mm (0.0045 inch) and 0.0356 mm (0.0014 inch) respective! combined for a total 
of 0.1473 mm (0.0058 inch). The radial play v’- s not recorded du^-t.g the tu.bopump 
build, but may be a measurement useful for subsequent builds. The indications are 
that the static build radial play did not change through the testing. 

The shaft stackup was disassembled by st-etching the centerbol. and releasing 
the stretching nut. The shatt length change was measured at 0.457 mm (0.018 
inch) and found to agree with that of the assembly. Next, the shaft bolt was 
drawn out of the impeller stack from the turbine end using a maximum force of 
3336 N (750 pounds). The puup-end bearings pull off the shaft in this process, 
and the turbir.e-end bearings stay with the shaft. At disassembly, the pump-end 
and turbine-end hydro, tatic beatings were inspected in detail. 

The pump-end hydrostatic cartridge outside diameiar showed broad, dark streaking 
lines around the circumference of the cartridge, as shown oi' the left of Fig. 53, 

One section at ae front end was mottled and microscopic examination showed 
slight amounts of silver flattened against the chrome plating in this area. No 
ch'ome plating is missing on the part. Examination of the dark brown sections 
showed them to be more of a discoloration th a surface defect. There are also 
some evenly spaced discolored spots that correspond to the hydrostatic bearing 
orifice location and size, which indicates the discoloration may be caused by a 
substance in the liquid hydrogen flow. The pu p-end bearing showed s\gns of 
slight rubbing at the forward end of the bearing between the pad r^^w rnd 
the pump-end exit of the fluid film. This rubbi g is evident at 11 to 2 o'clock 
and 5 to 7 o'clock, as shown in Fig. 54. Light rubbing also occurs aft of 
the front pad row Proftlometer data on the deepest section of rubbing indi- 
cate a material removal of approximatr ly 0.0008 ,.,m (0.0003 inch) deen at the 
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Figure 53. Mark 48-F Hydrostatic Bearing Cartridges After Test 





front .of the bearing for a length of 2.54 m (0.100 inch), and a buildup of mater- 
ial of 0.0102 im (0.0004 Inch) for a length of 2.54 nm (0.100 Inch) Just aft of 
that. Further aft, over the rest of the bearitf axial length, there was no mater- 
ial transfer. The majority of the light rubbing was axially In front of the front 
bearing pad row, and this Is the area where slight silver transfer Is seen on the 
cartridge. In general, the bearings were in very good condition. 

The turbine-end hydrostatic cartridge, on the left side of Fig. 53, showed little 
evidence of wear. Small, dark spots on the. chrome surface indicated an etching 
or discoloration caused by the orifice jet on the cartridge surface. Two scratch- 
like circumferential lines were evident on the outside-flow edge location of each 
pad row. The bearings showed scratch-like deformations over the circumference at 
each outside edge of each pad row, indicating some small degree of contamination 
may have occurred during operation, as can be seen in Fig. 55. Outboard of these 
lines were indications of discoloration or tarnish of the silver surface. The 
general look of tha bearing would indicate very little rubbing has occurred. It 
should be noted that little rotative speed was developed on the turbine-end bear- 
ing cartridge during testing. 

Inspection of the ball bearings was done individually and in detail. The bearings 
are designated No. 1 through 4, from the pump end to the turbine end. The bearings 
were first examined intact and then separated, with the inner races chilled to 
avoid damage. The two pump-end bearings (No. 1 front and No. 2 aft) appeared to 
be in excellent condition; each bearing rolled smoothly and showed no sign or feel 
of roughness of wear. The turbine-end ball bearings (No. 3 front and No. 4 aft) 
are also in good condition although they saw much more rotation than the pump-end 
ball bearings because the turbine cartridge rotated very little in the 1260 seconds 
of total shaft rotation as previously stated. The No. 3 bearings show signs of 
fairly high loads, which is indicative of the results of the high-pressure orifice 
of the balance piston rubbing and causing the axial thrust to be shared with the 
No. 3 bearing (Fig. 56). The individual ball bearings were detail inspected, and 
the results are as follows: 

No. 1 Bearing - Pump End . 

Inner Raceway . A dark gray, uniform, eccentric load path of moderate width 
was observed. The raceway surface was fair and 'smooth with some scattered pitting 
in the normal contact area. A few light brinnelling marks were seen at the low 
shoulder due to dismantling. 

Outer Raceway . A similar, but concentric and slightly frosted raceway was 
observed. Light rubbing marks on the OD and cage interface area were noted. No 
preload spring marks were visible. 

Cage . The surface of the cage had a fuzzy appearance with heavy rubbing 
at the outside diameter. There was no evidence of delamination. Ball contact 
rubbing at the cage pocket was moderate, but in the circumferential direction 
only. This indicates very low pressure drop axially across the bearings. 

Balls . The ball surface was bright and smooth with no surface damage and 
little burnishing. 
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No. 2 Bet ring - Pump End 


Inner Raceway . A gray, wide, eccentric load path was evident with some 
pitting in the load path. The load path was high, consistent with the preload, 
but marginally below the high shoulder. 

Outer Raceway . A light gray, concentric and smooth load path was observed 
%d.th light rubbing marks on the OD, but no scoring. Light preload spring marks 
indicate sustained preload. 

Cage . The surface was fuzzy with a heavy rub on the OD and no delamination. 
Moderate circumferential pocket contact was evident, indicating low pressure drop 
across the bearings. 

Balls . The balls were dark gray, smooth, with no surface damage and no 
definite tracks. 

No. 3 Bearing - Turbine End 

Inner Raceway . A gray, wide, slightly eccentric track was observed that was 
smooth. The track runs near the high shoulder edge, indicating high loads, but is 
marginally below the shoulder. A rust stain was located beyond the low shoulder 
away from the load track, and was probably due to moisture between tests and warm- 
up prior to vacuum drying. 

Outer Raceway . A wide but normal track contact angle was evident with 
smooth, gray concentric position. There were light rub marks on the OD and 
preload spring marks but without scoring. 

Cage . Heavy rub marks on the OD were seen and moderate to heavy pocket 
contact circumferentially. A fuzzy cage surface was observed but no delamination. 

Balls . The balls were dull, gray, and smooth with no banding and no obvious 

wear . 

No. 4 Bearing ~ Turbine End 

Inner Raceway . A nearly concentric, wide, uniform contact path was observed 
with high shoulder contact, but marginally below the shoulder. No ridges were 
indicated at the shoulder high point to indicate high loads at the shoulder. 

Outer Raceway . A concentric, gray, uniform and smooth contact path was 
observed with light OD rubbing and preload spring contact marks. 

Cage . A fuzzy cage with no delamination was seen with heavy rubbing on the 
OD. Moderate pocket contact wear was seen, indicating low pressure drop across 
their bearings. 

Ball s. A gray, uniform, and anooth surface was evident with no banding or 
sign of wear. 
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The conclusions from Che bearing observations was Chat Che bearings came through 
Che test in good condition. An even, high preload thrust was sustained on all 
the bearings of 490 to 580 N (110 to 130 pounds). There was some evidence of 
synchronous radial load due to the eccentric load path of No. 1 and 2 bearing 
inner races. The outer races had some slight, occasional rotation inside the 
cartridges, as evidenced by the rub marks. Despite the fuzzy cage surfaces and 
hervy rubbing between the cage and the outer race, there was no delamlnation or 
excessive wear. The cage pocket wear indications are that little pressure drop 
occurred across any of the bearings. Also, the rust in the No. 3 bearing was 
a surface stain only, and was probably due to posttest condensation. It did not 
occur on the bearing race path. In general, the ball bearings were in very good 
condition on both bearing packages where the cartridges and balls rotated with 
the shaft and where the cartridges did not turn and the balls acted as a conven- 
tional bearing. 

The removal of the shaft and bearings from the turbopump left the Impeller stages 
stacked within the inlet, diffusers, and turbine housing all connected with pilot 
fits (Fig. 1). The inlet housing was removed from the assembly, using jacking 
screws, and inspected. The Inducer tunnel and blade tips were free from evidence 
of rubbing. However, extensive damage had occured to the first-stage impeller 
front shroud wear rings on the inlet housing (Fig. 57). This was typical of 
all the other labyrinth seals on the rotor assembly. The damage Is limited to 
the silver plating of the lands and Is evidently due to excessive shaft radial 
motion. The damage also indicates the shaft operated axially closer to the pump 
end than in previous testing. The land damage was excessive enough so that 
stripping and replatlng of the silver will be required to refurbish the land. 

The impeller labyrinth teeth showed no evidence of damage, except for a slight 
roughened condition on the edges of the teeth. Removal of the first-stage impeller 
revealed similar damage to the iiapeller rear shroud labyrinth seal. The seal 
surface was grooved from the Impeller labyrinth teeth, cutting radially Into them. . 
The silver was then swaged in between the impeller labyrinth teeth while main- 
taining a bond, and probably maintaining a relatively good seal. When the impeller 
and housing are separated, an interference exists and the silver rolled into the 
clearance is drawn out on disassembly by the larger diameter Impeller labyrinth 
teeth. This condition existed on all labyrinth seals on the rotor assembly, 
with the silver plating damage extensive but no appreciable Impeller labyrinth 
teeth damage. The housings were mounted on a profllometer machine, and the pro- 
files of the seal lands recorded. The results indicate a radial movement of the 
rotor causing wear into the land at least 0.25 ma (0.010 inch) deep on all seals. 
This is combined with a measured labyrinth seal diametral clearance of 0.152 to 
0.203 mm (0.006 to 0.008 inch). This damage verifies the dynamics data which 
reported high shaft radial motions during the testing. This damage is discussed 
further in the Dynamics Analysis section of the report. 

The turbine housing contains the silver-plated ID land of the balance piston high- 
pressure orifice (Fig. 55). A rubber mold of this surface indicates the outside 
diameter land of the high pressure orifice (which is located on the Impeller tip) 
slightly rubbed the silver plating. This rub created approximately 0.076 mm 
(0.003 inch) radial material removal at the corner reducing to zero material a 
distance of approximately 0.203 mm (0.008 inch) forward of the corner. This is 
shown in Fig. 58. 
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Figure 58, Balance Piston High-Pressure Orifice Damage Schematic 


This wear pattern confirms the analysis during testing that the axial position 
of the shaft was operating further toward the pump end than previously expected. 
This damage occurred because of the relaxed radial clearance allowed by the hydro- 
static bearing. This was coupled with allowing the high-pressure orifice corner 
of the Impeller to move forward past the orifice corner of the housing by relaxing 
the forward stop position of the turbine-end cartridge during buildup. Inspection 
of the low-pressure rub ring indicated very little contact wear, also indicating 
the aft turbine end cartridge-bearing stop was effective. 

The disassembly and inspection of the turbopump was completed and photograph' of 
the hardware were taken to document their condition. The major damage to the 
turbopump was caused by the high radial shaft movements encountered at high 
speeds. These conditions will be fully explored in the Dynamic Analysis sect on 
later in this section. The damage repair requirements to the hardware consist 
mainly of stripping and replating of the silver labyrinth seals and balance pis- 
ton high-pressure orifice surfaces followed by remachining to dimensional 
requirements. Replating of the copper for the turbine tip and interstage seals 
also will be required. 
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PERFORMANCE ANALYSIS, PREDICTION, AND EMPIRICAL RESULTS 


A complete performance analysis of the turbopimp was required before the selec- 
tion of the hydrostatic bearing operating clearances, orifice sizes, and operat- 
ing supply pressures could be determined. The analysis started with the deter- 
mination of the hydrostatic bearing performance parameters Including direct and 
cross-coupled stiffness and damping coefficients and flowrate. These were calcu- 
lated for given clearances over the turbopump operating speed spectrum and at 
various supply pressure levels. These studies provided the dynamic coefficients 
for the hydrostatic bearing which were then coupled with the duplex pair of ball 
bearings and Input Into the rotordynamlc analytical model for determination of 
critical speed, stability, and dynamic response for each operating condition 
analyzed. This analysis was done for several operating clearances and operating 
supply pressure characteristics. The results provided the Information for sizing 
the bearing clearances and orifice diameter and characterized the effects of 
supply pressures on the rotordynamlcs of the turbopump. Once selection of the 
dlirenslonal parameters was completed, additional care was taken to find accept- 
able operating conditions based on the rotordynamlc analysis. 

The hydrodynamic analysis of the hydrostatic bearings began early In the program. 
The major requirements of the analysis was the need to accurately predict the 
hybrid hydrostatic bearing performance capabilities Including direct and cross- 
coupled stiffness and damping so that the data could be used to determine the 
rotordynamlcs of the turbopump operation and the hydrostatic bearing required 
flowrates. As the analysis progressed. It was found that using the Internally 
available supply flow and pressures from the turbopump complicates the rotor- 
dynamlc conditions of the turbopump at the high speeds. This Is caused by the 
fact that as bearing stiffness Increases with the Increase In hydrostatic bearing 
supply pressure at Increased speed, the rotor natural frequencies also Increase. 
This can cause a tracking phenomenon that allows the critical speed to rise with 
the shaft speed. This condition Is serious If the rotor natural frequency with 
speed matches closely the shaft speed over a wide speed range. However, this can 
also be a beneficial condition If the natural frequency does not match the shaft 
speed but runs parallel to It. 

Another problem of concern Is the operation of the hydrostatic bearing over the 
pressure range that will encompass the two-phase region of the pressure and tem- 
perature. When this occurs, the fluid densities change rapidly as the fluid pres- 
sures drop In their path through the hydrostatic bearing orifice and fluid fl?m. 
This density change can also bring about choking In the fluid film which decreases 
the actual flowrate and Increases the pressure differential across the fluid film. 

The analysis of the hydrostatic bearings as It applies to turbopump operation will 
be discussed In this section. The rotordynamlc analysis results, which were 
necessary to define acceptable operating conditions for the turbopump testing, 
will be described. These studies evaluated a series of five possible operating 
conditions on the turbopump In an effort to determine the effects of clearances 
and bearing supply pressure variations on the rotordynamlc characteristics of the 
turbop’jmp. Also discussed will be the analysis and results of the hybrid bearing 
testing. These results will be presented with evaluations and conclusions about 


101 



the operational characteristics and capabilities of a hybrid bearing system with- 
in a turbopump. 

Hydrostatic Bearing Analysis 


The tools available for the hydrostatic bearing analysis consisted of a computer 
code developed at Rocketdyne to predict the hydrodynamic characteristics of the 
hydrostatic bearing. The code analysis Is based on finite difference methodology 
and has both design and analysis capability. The code has been developed over 
several years and has been used In the design of squeeze film dampers, hydro- 
static seals, and shrouded axial flow pumps for damping characteristics. The 
capabilities of the code includes the following: 

Direct and cross-coupled spring rate and damping coefficients 

Flow in each pocket and total flow 

Pressure distribution and resultant force 

Attitude angle due to rotation 

Clearance distribution 

With and without rotation 

Turbulent effects Included 

Inertia force effects included 

One- or two-pad rows having a total inaxlmum of 20 pockets 
Exccentrlcity up to 0.8 

Symmetrical or unsymmetrlcal sump pressure distribution 
Checks pneumat^ hammer stability 
Design of orifice restrictor 
The limitations of the code are as follows: 

No angular misalignment capability 

No two-phase flow capability without outf^lde Iterations 

No power consumption calculations except for fluid torque and flowrate 

Uniform clearances along axis; no taper 
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The cooputer code was checked at the start of the analysis with the small amount 
of available data and Independent analysis. The first test was a comparison with 
the predictions published in the MTI report (Ref. 2). The comparisons of HTI 
predictions with Rocketdyne predictions using the same baseline designs and oper- 
ating conditions showed good agreement for predicted flowrate and direct stiff- 
necs values. Values of Rocketdyne predicted flowrate from duplicating RASA-LeRC 
test data also agreed within 15Z. Initial analysis of the turbopump hydrostatic 
bearing system entailed definition of the specific operating conditions of the 
turbopump and available hydrostatic bearing supply flows. 

Static pressure and temperature distributions were used to find a suitable source 
for the internal tapoff flow supply for the bearings. These data are given in 
Fig. 59 and 60 for the design speed, and are taken from previous test data. The 
high pressure levels in the rear bearing cavity area dictate the flow must be 
taken from the pump discharge line for the rear hydrostatic bearing supply. 

This supply pressure is more than sufficient to supply the front bearings, but 
the temperature of the flow is also high due to the heating associated with the 
pressure rise. The inlet pressure and pump bearing stmip pressure is approxi- 
mately 38 to 65 N/cm^ (55 to 95 psla) (well below the critical pressure of 
129 N/cm^ (187 psia) for the hydrogen vapor dome). The thermodynamic process of 
this flow path is given in Fig. 61. To minimize the choking effect of the hybrid 
bearing flow due to density change with pressure, the isenthalpic pressure drop 
analysis was made, outside the computer code, using the three diffuser discharge 
stage state conditions for the supply fluid. The state points at the sump pres- 
sures were then calculated. These data are shown in Table 6. The analysis 
assumes no frictional heating effects. The results show that the tapoff from the 
first-stage diffuser discharge results in the lowest internal energy, highest 
density fluid available, using a pimp fed source. 

The major concern was that if choking occurred, it would be located at the exit 
of tne pump-end hybrid bearing. This, in turn, would limit the stiffness of the 
hydrostatic film. This would be caused by the limit of the pressure level above 
the sump pressure at which choking occurred. Frictional heating effects in the 
fluid film when accounted for %iould result in a slightly higher pressure limit 
for the effective sump pressure. The available stiffness was expected to be 
sufficient for satisfactory operation. The two-phase state of the fluid in the 
bearing cavity was not expected to cause a ball bearing problem if the balls were 
not rotating appreciably. The sump was to be evacuated by an overboard drain 
(Fig. 3) which had to be of sufficient size to handle the flow requirements. 

It was planned to hold the sump pressure to slightly below the inlet pressure, 
if possible, to eliminate or minimize the hot hydrogen flow into the pump inlet. 

A seal would have been appropriate for minimizing the warm fluid leakage to the 
inlet in an optimized configuration; however, the geometry of the turbopump left 
little room for incorporation of a seal. 

The analysis required the definition of the pump-supplied pressure levels to the 
hvdrostatlc bearings as a function of pump speed. A review of previous test data 
(Ref. 1) provided the available supply manifold pressures for the respective pump- 
end and turbine-end bearings. These data are given in Fig. 62 and 63, respec- 
tively. Also snown is the estimated pad and sump pressures of the bearings. 
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TABLE 6. STATE CONDITIONS OF HYDROGEN FROM INTERNA! SOURCE AT 95,000 R»M 
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Figure 62. Hybrid Bearing Pressure Distribution - 
Pump Bearing 
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Figure 63. Hybrid Bearing Pressure Distribution - Turbine Bearing 





The preliminary hydrodynamic analysis and performance predictions for the hydro- 
static bearing was developed for a minimum operating radial clearnce of 0.0305 mn 
(0.0012 inch) on both pump and turbine end bearings. This condition is referred to 
as Case A in the analysis. The stress analysis had defined the radial operating 
clearance conditions for the respective bearing as a function of journal speed in 
Fig. 8 and 9. An additional case for the maximum radial clearance at operating 
conditions of O.OA57 mm (0.0018 inch) also was analyzed and was identified as 
Case B. This maximum and minimum radial clearance formed the expected tolerance 
band of possible operating conditions, including possible variations in the struc- 
tural calculations and fabrication tolerance capabilities. 

The hydrodynamic analysis of the final design configuration resulted in the 
following predictions for the operating conditions. The predicted flowrate for 
each bearing is given in Fig. 64 for each bearing at maximum and minimum clear- 
ance conditions. Similar results are presented in Fig. 65 through 68 for the pre- 
dicted direct and cross-coupled values of stiffness and damping. The results 
were developed for the pump end bearing, using the internal supply pressures 
tapped off from the first-stage crossover and for the turbine end bearing, using 
the pump discharge pressures. It is interesting to note that the direct stiff- 
ness values decrease by nearly a factor of 5 over the 0.0152 mm (0.0006 inf i>) 
clearance range used. 

Rotordynamic Design Considerations 

Case A and Case B - Clearance Effects . The results of the rotordyanmic analysis 
that follows dictated that several cases of operational conditions for the hydro- 
static bearing supply pressure levels be analytically determined. The rotor- 
dynamic model was developed and the analysis of the rotordynamics of Case A and 
Case B was completed for the range of predicted hybrid bearing performance para- 
meters presented as a function of speed. The results of the dynamic analysis 
are given in Fig. 69 and 70 and Table 7. The data presented in Table 7 indicate 
the critical speeds that occur and Include the results of a dynamic analysis 
with the hydrostatic only (no ball) configuration. The critical speed is defined 
as the speed at which the rotor natural frequency of Fig. 69 and 70 (solid lines) 
intersect the shaft synchronous speed line. The comparison of the curves' pos- 
sible intersections indicates that the third critical speed could vary from 5027 
13300 radians/sec (48,000 to 127,000 rpm) over the clearances range used. 

Also, since the slope of the rotor natural frequency is nearly parallel to the 
syn ’ironous line, the accuracy of prediction of the critical speeds in that range 
is ^ 'y limited. This phenomenon is referred to as tracking. As a result, it 
was determined during the design review that further analysis and performance 
prediction would be completed. Increasing the maximum operating radial clearance 
to 0.061 mm (0.0024 inch) would reduce the stiffness further and allow the third 
critical speed to intersect the synchronous line at a point slightly below 5027 
raa ans/sec (48,000 rpm) for the 0.0457 mm (0.0018 inch) clearance. The clear- 
ance increase was also expected to improve the marginal stability of the case 
with smaller clearance which was calculated and is indicated in Fig. 71. The 
previous maximum operating clearance of 0.0457 mm (0.0018 inch) would then be 
used as the minimum operating clearance. Two areas of major concern occur, 
however, with this change. One is that the clearance increase results in a large 
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Figure 65. Predicted Hydrostatic Bearing Stiffness, 
Cases A and B 
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Figure 66. Predicted Hydrostatic Bearing Cross-Coupled Stiffness, 
Cases A and B 
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68. Predicted Hydrostatic Bearing Cross-Coupled Damping, 
Cases A and B 
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Figure 69. Turbopuinp Rotordynamlc C .aracterlstlcs - Case A; Hybrid 
Bearing Minimum Clearance 0.0305 mm (0.0012 inch) 
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TABLE 7. TURBOPUMP CRITICAL SPEEDS WITH HYBRID BEARINGS 
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Figure 71. Mark 48-F Turbopump Stability Map 




recirculation requirement. The other is that by merely changing the clearance 
and maintaining an orifice size constant, the fluid film pressure ratio i.< dras- 
tically changed. This can result in a penalty to the system where other changes, 
such as reduction in the supply pressure and/or orifice size, may give the same 
stiffness reduction with a much smaller penalty involved. Further analysis con- 
firmed this conclusion. 

Case C - Intermediate Supply Pressure Levels . Due to the critical speed tracking 
encountered on the preliminary analysis, it was necessary to determine methods 
whereby this phenomenon could be eliminated or moved outside of the operating 
envelope. To do this, it was necessary to review the pump internal pressure 
capability to determine if other supply sources might be usable and to completely 
define the problem. Also, the use of other clearances or orifice sizes was a 
feasible approach to the solution. The inicial attempt to operate the hybrid 
bearing system was to utilize the full range of turbopump supply pressures to give 
a broad range of stiffness capability. That range is given in Fig. 63. A close 
review of these data indicates that the pump discharge pressure used for a bearing 
supply could be as high as 34A7 H/cvr (5000 psi) at maximum speed with the supply 
pressure varying with the speed squared. A range at 9948 radians/sec (95,000 rpm) 
of 3102 to 1861 N/cm^ (4500 to 2700 psi) for bearing supply pressure was con- 
sidered for the turbine bearing coinciding with a balance piston (hydrostatic 
bearing) sump pressure of 1620 N/cm^ (2350 psi) above inlet pressure. The pump 
bearing available pressure supply range was considered to be 827 to 207 N/cm^ 

(1200 to 300 psi). Fig. 72. A mid-range pressure level was considered a^: 

2'»82 N/cm^ (3600 psi) for the turbine and 689 N/cm^ (1000 psi) for the pump bear- 
ing at 9948 radians/sec (95,000 rpm) for the stiffness and damping coefficients 
of Case C. These were input into the rotordynaialc analysis, with results of the 
natural response frequencies given in Fig. 73 and 74. Figure 73 presents the 
rotor only modes assuning a rigid casing. Figure 74 presents the rotor and casing 
modes using the superposition methods (developed in an earlier vibration analysis 
task reported in Ref. 3) and connecting the casing and rotor together with the 
hydrostatic and ball bearing dynamic conditions. The results clearly show that 
the third natural rotor response still tracks Che synchronous speed frequency. 

This cannot be allowed since the turbopump would essentially be operating at the 
third critical speed anywhere above 5236 radlans/sec (50,000 rpm). 

Case D - Constant Supply Pressure at High Spee d. In an attempt to correct the 
tracking condition described in Case,'’ A, B and C, the “nalysis was made to deter- 
mine what was required to reduce the third natural frequency to a constant. 

The turbopump supply pressures of Fig. 72 were used for the initial low Si'eed 
segment of the start transient to 5236 and 6807 radlans/sec (50,000 and 65,000 
rpm) for the respective pump and turbine bearing supply pressures. Above these 
speeds, the supply pressure was held constant. This supply pressure distribution 
with speed is given in Fig. 75. It should be noted that with turbine supply 
pressure a constant above 6807 radlans/sec (65,000 rpm), the hydrostatic bearing 
pressure differential decreased since the sump pressure rises to approximately 
1379 N/cm^ (2000 psi) at 9948 radlans/sec (95,000 rpm) for this case. Combining 
this and decreasing clearance with speed, generate*! nearly constant stiffness and 
damping values. The results of the dynamic analysis using the stiffness and 
damping parameters from this case are indicated in Fig. 76 and 77. For the case 
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Figure 73. Turbopimp Rotordynanlc Characteristics - 
Rigid Casing, Case C Conditions 
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Figure 74. Turbopump Rotordynanlc Characteristics - 
Rotor and Casing Superpositloned, 

Case C Condit Ions 
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Figure 75. Hybrid Bearing Supply Pressure Profile, Case D 
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Figure 76. Turbopump Rotordynamlc Characteristics - 
Rigid Casing, Ca: C Conditions 
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Figure 77. Turbopump Rotordynamlc Characteristics - 
Rotor and Casing Superpositioned, 

Case D Conditions 
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with rigid casing assumptions (Fig. 76), the rotor third natural response fre- 
quency is constant at 60,000 cycles/minute above 6283 radians/sec (60,000 rpm) . 

The superposition model using '-he casing and rotor combined indicates generally 
the same rotor modes with additional casing modes Identified in Fig. 77. This 
case of relatively soft hydrostatic bearing stiffness satisfies the objectives 
of the analysis that was to verify that the third natural frequency could be 
held constant and moved sufficiently to allow operation above it if required. 

The completion of this analysis also covered the possible range of stiffness and 
damping available from a turbopump source of bearing supply pressure. 

A summary of the two general rotor natural frequency response cahracteristlcs 
discussed as Case C and Case D is compared in Fig. 78. Each of these two 
approaches has possible problems when the analysis Includes a stability analysis. 
The stability analysis was checked for the operating conditions previously de- 
fined. Case C allows supply pressure to vary as speed squared (Fig. 72) and the 
other (Case D) uses a constant supply pressure at high speed (Fig. 75). The 
stability results are shown in Fig. 79. They Indicate marginal stability for the 
high supply pressures of Case C, if operating speeds to 9948 radlans/sec (95,000 
rpm) are required. During this analysis, it was generally found that for this 
design and a given clearance, an Increase in the stiffness and damping by an 
increased supply pressure resulted in Increased critical speed levels, as would 
be expected. It was also found, however, that with this increase in the supply 
pressure, the cross-coupling terms also change, resulting in a decreasa in the 
stability threshold. The case for best stability (Case D) is where the very soft 
hydrostatic bearing supply system is used. In the analysis, the effects of casing 
and ball bearing damping are neglected. Operation in either of the presented 
modes is not completely desirable. In the Case C mode, the third critical speed 
follows (tracks) the synchronous speed from 6283 to 9948 radlans/sec (60,000 to 
95,000 rpm). In addition, the stability margin of 10,681 radians/sec (102,000 
rpm) would entail a high stability risk near 9948 radlans/sec (95,000 rpm) design 
point speeds. The use of the Case D operating characteristics Indicates analyti- 
cally derived stability is more than adequate, but a general concern is that of 
actual operation in a realm not normally encountered and generally intentionally 
avoided in rocket engine turbopump operation. That realm is the operation above 
the third critical speed and also at a speed in excess of twice the first criti- 
cal speed. At 9848 radians/sec (95,000 rpm), the operating speed for this case 
is 4.1 times the first critical speed. The stability found by analysis using 
predicted dampin , characteristics is very good to 9848 radians/sec (95,0u0 rpm), 
but concern is that no test experience is available for this type of operation, 
and assessment of risk to the turbopump is difficult. 

The results of this analysis were presented to the NASA-LeRC Project Manager 
and reviewed in detail. As a result, it was determined that for the first test 
series, operation of the turbopump below the third critical speed and at speeds 
below the final target of 9848 radlans/sec (95,000 rpm) would be necessary. 

Case E - Very High Supply Pressures . The possibility of running the initial test 
supply pressures higher than those available from the turbopump was investigated. 
This would, it was hoped. Increase the stiffness and push the third natural fre- 
quency up above the synchronous speed line. To do this would require utilization 
of a high-pressure external supply of liquid hydrogen which was available for 
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Figure 78. Rotordynamic Critical Speed Plot, Cases C and D 
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Figure 79. Hybrid Bearing Stability Map, Cases C and D 
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these tests and could be controlled by a feeaoack signal from pump discharge 
pressure or Impeller discharge pressure-, as given In the facility schematic of 
Fig. J8. 


The approach selected to accomplish this was to use a supply pressure 689 N/cm 
(1000 psi) above the first-stage Impeller discharge pressure for the pump-end 
bearing and 689 N/cm^ (1000 pgl) above pump discharge pressure for the turbine 
end to a maximum of 2758 N/cm^ (4000 pel). Fig. 80. Using these ground rules and 
setting the hydrostatic bearing radial clearance at 0.0305 mm (0.0012 Inch) at 
9848 radlans/sec (Sj, 000 rpm), and an orifice diameter of 0.610 mm (0.024 Inch), 
the hydrostatic bearing operating parameters were calculated and ^.re given In 
Fig. 81 through 84. These results were then used in the rotordynamlc analysis. 
The results are given in Fig. 85 and 86. The data Indicate that for an assumed 
rigid casing (Fig. 85), the first, second, and third critlcci speeds are at 2618, 
4712, and 12,357 radlans/sec (25,000, 45,000, and 118,000 rpm) for the forward 
processional modes. The original ball bearing only critical speeds with rigid 
casing assumptions were predicted at 3141, 5550, and 14,556 radlans/sec (30,000, 

53.000 and 139,000 rpm), which indicates the hybrid bearing effective stiffness 
values are close to those of the ball bearing only case. Further analysis using 
the superposition techniques developed shows little difference In the predicted 
rotor critical speeds. This is presented In Fig. 86, which also gives the casing 
natural frequencies calculated for the model. The results show that speeds of 
3665, 5760 to 7016, and 7854 to 9925 radlans/sec (35,000, 55,000 to 67,000, and 

75.000 to 90,000 rpm) are areas where turbopump operation could be held without 
appreciable vibration problems. The data also showed that stability would be no 
problem over the speed range, and Insteblllty occurs at a minimum of 10,891 
radlans/sec (104,000 rpm). 


The leakage or flowrate through the externally pressurized bearings ;<as cv^lcu- 
lated for the supply pressure profiles given In Fig. 80. These r -.suits are given 
In Fig. 87. Note the decrease In flow at the high spt^ed comes from a decreasing 
clearance and on the turblne-e'^d bearing from a decreasing pressure drop across 
the bearing at !ilgh speeds. 


Clearan c e and Orifice Size Selection . The results of the analysis Indicated that 
the broa.iest range of operating capability for the turbopump would be the use of 
the 0.0305 mm (0.0012 Inch) radial clearance bearing at 9848 radlans/sec (95,000 
rpm) for the initial tests. For this clearance, the orifice diameter sized to 
give a pressure ratio of 0.5 to 0.6 across the bearing at full speed was found 
to be 0.610 mm (0.024 Inch). These were the dimensions used for the turbopump 
testing. 


Friction T'^rque Analysis . To complete the analysis of the hybrid bearing, a com- 
parison was made of friction torque on the ball bearings with the fluid film 
torque on the hydrostatic bearings. The results are given in Fig. 88. To make 
this analysis. Initial predii’.tions were made without tCbt data. Next, predictions 
were made from the actual ball bearing torque, which was measured for a duplex 
bearing assembly with a preload of d 78 N (130 pounds). The torque changes due to 
the effects of chilling and Increasing the Inner race speed to 9848 radlans/sec 
(95,000 rpm) with the outer race stationary were calculated and are shown in 
Fig. 88. Then, with the inner race at 9848 radlans/sec (95,000 rpm), the effect 
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Figure 80. Hydrostatic Bearing Supply Pressure From 
External Source, Case E Condition 
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Figure 83. Turbine-End Hydrostatic Bearing Direct and Cross- 
Coupled Stiffness, Case E Conditions 
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CARTRIDGE SPEED. RPM X 10~ 

Figure 87. Hybrid Bearing Predicted Hydrostatic Supply Flow, Case E Condition 
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Figur*r 88. Ball Bearing/Hydrostatic Bearing Torque Comparisons 




'ORIGINAL PAGE 13 
of POOR QUALITY 

of Increasing the cartridge (and outer ball race) to full speed was calculated 
and Is given In Fig. 88. Compared with this Is the hydrostatic bearing fluid 
friction torque only which is well below ball-bearing torque. This indicates the 
hydrostatic cartridge will rotate with the shaft and with the ball bearings not 
rolling. Also shown is the effect of pmplng action on the turbine end cartridge 
due to the hydrostatic bearing drain holes in the front side of the cartridge. 
This shows the torque could meet or exceed the ball torque at very high speeds on 
the turbine cartridge. 

Hybrid Bearing Test Data and Performance 

The Mark 48 turbopump hybrid bearing test data were analyzed to study the per- 
formance of the hydrostatic bearings at the pump and turbine ends. Data points 
at steady-state operation were selected and the bearing parameters plotted graph- 
ically. Nondlmensional parameters were also calculated. The exrerlmental test 
data were compared to the predicted values. Sixteen data points were selected 
among the 14 tests based on steady-state speeds and pressures environment. 

Tables 8 and 9 list the measured values corresponding to these data points. The 
data point identification number specifies the cest number, test section, and the 
time slice number. As shown in Appendix B for example, data point identification 
No. 010 B/ 7 would mean Test No. 010, section B and time slice No. 7. Most of the 
data are for the pump end bearings since the turbine end hydrostatic bearing did 
not have rotation in most tests except in Tests 012 and 014. 

Data Reductio n. Commonly used hydrostatic bearing parameters were calculated and 
are listed in Tables 10 and 11. The following definitions were adopted in calcu- 
lating the bearing parameters. The nomencZ .ture is defined in the Nomenclature 
section of the report. 

Poiseuille Reynold's number, R* 


Couctte Reynold's number, R^ 
Rearing number, A 


Squeeze number, o 
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y“(i L 


cRu)p 


pojRL 
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TABLE 8. MARK-48 HYBRID BEARING 
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Dimensionless flowrate, m 


ORIGINAL PASS tn 
OF POOR QUALITY 


Film resistance. 
Orifice resistance. R 


Dimensionless film resistance. R^ 


Dimensionless orifice resistance. R 


The viscosity correction factor for turbulence. Gp, is obtained from Fig. 89. 
assuming hydrostatic dominance (Ref . 4) . The geometric dimensions of the bear- 
ings are: 

Bearing length. L = 0.925 inch = 2.35 cm 

Journal radius. R = 0.875 inch ■ 2.22 cm 

Number of rows, n = 2 

Recess width, Lp = 0.095 inch * 2.41 mm 

nL 

Recess parameter, y = 0.2 “ — — ^ 

This assumes the recesses are staggered without overlapping and the axial pres- 
sure gradient dominates the flow. 

Each bearing parameter will be discussed in detail in the subsequent paragraphs. 

Mass Flowrate . The measured flowrate was plotted against the pressure differential 
across the bearing in Fig. 90. The data from Tables 8, 10, and 11 are given num- 
bers for each data point to aid in cross correlation as required. A gradual 
increase in flowrate with Increasing Ap was observed in the data. The test data 
were compared to the predicted values for several points, as shown in Fig. 90. 

The results indicate that actual flow values are much lower than predicted. 

A direct comparison of predicted flowrate, versus actual measured flowrate is dif- 
ficult due to the differences in predicted pressures to operating supply pressures 
at the various speeds tested. A general comparison can be made for the pump-end 
bearing using data from test 008 and comparing it to the predictions of flow given 
in Fig. 87 for high external supply pressure levels achieved near the analytical 
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Figure 90. Hybrid Bearing Mass Flowrate vs Pressure Differential 
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targets shown in Fig. 80 (as case E) . This occurs at test point @ as previously 
described in Fig. 47 around the speed of 3403 radians/sec (32,500 rpm) . The data 
in Appendix B gives for Test 008A - Slices 19-23 the supply pressures of 762 N/cm^ 
(1106 psia) at a speed of 3403 radians/sec (32,500 rpm). The flow rates measured 
are approximately 0.095 kg/s (0.210 Ib/sec. hile the predicted flowrates from 
Fig. 87 are 0.130 kg/s (0.285 Ib/se- ' . This is to say that the measured flow is 
approximately 30% lower than predicted for external supply flow. This may be due 
in part to the high temperature of the external flow which causes some choking 
effects at the fluid film discharge. This variation from the prediction can also 
be accounted for in terms of frictional effects and will be discussed in detail 
in a later section of this report in discussion of improved modeling techniques. 

The dimensionless flowrate exhibits generally constant values within the large 
data scatter with increasing pressure ratio (Ps-Pa)/Pa (Fig. 91). The data falls 
into two categories generally: that of external supply fluid (warmer) and that of 

internal suppl’ (cooler) fluid. The pressure ratio used in this graph is the 
total pressure differential across the bearing including the pressure drop across 
the orifice. If the data are plotted with the dimensionless flowrate against 

P = (Pr-Pa)/Pa, Fig. 92, the same constant trend is also observed. 

K 

The effect of clearance on the dimensionless flowrate can be seen in Fig. 93, 
the data are too scattered to show a trend of A with increasing (c/R). The data 
are grouped somewhat as a function of (Ps-Pa)/Pa. Theory predicts that iS increases 
with c/R. 

The effect of rotational speed on flowrate is illustrated in Fig. 94. A general 
slight decrease in flowrate with Increased bearing number A is observed. The 
bearing number A value is greater at higher cartridge speed, which also reduces 
the clearance. The influence of A on flowrate is, therefore, a combined effect 
from the cartridge speed and the clearance. Expressing the flowrate in dimension- 
less ^orm (m) should remove the clearance effect (Fig. 95). It can be seen, however, 
that m is decreasing generally with A. This indicates that, for general turbo- 
pump application using hybrid bearings, the rotational and other effects on flow- 
rate other than the clearance effect may not be negligible. Choking effects may 
also be Indicated here. Due to higher film resistance, the pressure rate P^ 
increases with the cartridge speed (Fig. 96 and 97) and may affect the flowrate 
slightly. With regard to choking, a general review of the data indicates that 
data points 16, 18, and 19 are likely choked, as their predictions for flowrate 
are in disagreement with measured data by amounts much greater than the other data. 

Cartridge Speed Ratio (Nc/Ns) . The pump end hydrostatic cartridge tracked the 
shaft speed very closely until the latter reached approximately 7330 radians/sec 
(70,000 rpm) beyond which the speed ratio starts to decline (Fig. 98). 

A speed lag in the pump cartridge occurred during Test 010 when the shaft was 
accelerated from 4189 to 8378 radians/sec (40,000 to 80,000 rpm). Fig. 99. The 
sharp spikes of the speed signal suggested some contact rubbing did happen. A 
data point ^^OlOB/14) was selected to analyze this speed phenomenon. The calcu- 
lated stiffness at this data point was estimated to be 700,472 N/cm 
(400,000 Ibf/in.) and its radial clearance of 0.0513 mm (0.00202 inch). The 
radial load required to cause contact will be 700,472 N/cm x 0.00513 cm a 3558 N 
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Figure 91. Hybrid Bearing Dlaenslonless Flcwrate vs 
Overall Pressure Ratio 
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Figure 92. Hybrid Bearing Dimensionless Flowrate vs 
Fluid Film Pressure Ratio 
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Figure 95. Hybrid Bearing Dlnenslonless Flowrate vs Bearing Number 
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Figure 99. Pump-£nd Cartridge and Shaft Speed Data - Test 010 
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(400,000 Ib/in. x 0.00202 in. as 800 Ibf). This large radial f _* could result 
from the influence of the second critical speed 8378 radians/sec (80,000 rpm) as 
shown in the dynamics analysis of the turbopump tests. There was a high radial 
response of the Bently proxlmeter shaft position data. This part of the shaft is 
adjacent to the hydrostatic bearings. If the shaft response to this resonance is 
great enough to cause slight hydrostatic bearing contact, it would produce the 
speed lag as shown in Fig. 99. Once the hydrostatic bearing surface has been 
degraded, the film friction torque could be increased to surpass that ball bearing 
friction torque. Note that all bearing flow data after test point OlOB/14 has more 
data scatter than the points prior to that test. This may also reflect the in- 
creased surface roi'glmess of the bearing annulus. This speed lag is not considered 
to be due to the difference between the ball bearing and fluid film friction torque 
Early calculations indicated that ball bearing friction torque is higher on the 
pump end bearing than the film friction torque at all speeds. The friction 
analysis of Fig. 88 is based on a condition of an aligned journal with the bear- 
ing. Shaft deflection data from the shaft proximeters would Indicate that there 
is a great deal of shaft bow %rhlch has been indicated. The characteristic of the 
cartridge speed data of Test 014 (Fig. 100) Indicates a combined set of forces. 

One of these forces is the frictional torque differences between the ball bear- 
ings and the fluid film which result In a threshold pump cartridge speed of 
approximately 6283 to 6702 radlans/sec (60,000 to 64,000 rpm) for a shaft speed 
of 7749 to 8063 radians/sec (74,000 to 77,000 rpm). The other force is the 
slight intermittent contact of the journal with the bearing causing brief decel- 
erations followed by recovery back to the threshold cartridge speed indicated. 
Recent analytical develooment of bearing operating characteristic indicate the 
concept of hybrid hydrostatic bearing threshold speeds is valid. This is due to 
torque differences between ball bearings and hydrostatic bearings as a function 
of shaft speed. Although the film friction is directly proportional to the 
fluid's viscosity, its direct influence on the speed ratio is indicated to be 
negligible within the op''rating viscosity range used in !iark 48 turbopump (Fig. 101) 
The main cause of the car. ridge speed lag seen here is thought to be due to the 
vibration levels which cause intermittent contact. 

Effects of Clearance . Besides the influence on flowrate, an Increase in clear- 
ance lowers the film resistance as a result of less fluid shearing as illustrated 
in Fig. 102 and 103. The consequence of this reduction in film resistance is a 
decrease in pressure ratio Pg. This is demonstrated in Fig. 104 and 105. Since 
the clearance decreases with speed increase and the fluid pressures available to 
the hydrostatic bearings Increase, the operating Pr Is generally small at low 
speed. One unaesirable effect is the resultant reduced stiffness and radial load 
capacity at low speeds due to the reduced fluid film pressure drop at the low 
pressure ratio. 

Subsynchr o nous Vibration s during Test 014 . High subsynchronous vibration 
occurred prior to cutoff during Test 014. Figure 106 shows the relationship 
between the vibration levels at data points 1, 2, 3, 14, 17, an’ 18 and their 
squeeze numbers. Data point 1 and 2 corre.*-. . nds to the first haxJ; of the 
Test 014 during which the shaft speed w;is t 3142 radlans/sec (30,000 rpm). 
Relatively low vibration levels had beer, -eoeded up to this stage. The data 
point 3 (Test 014B/19) Indicates a rapid rise in vibration when the shaft was 
accelerated to 8042 radians/sec (76,800 rpm). During this time the cartridge 
speed increased to only 5948 radlans/sec (56,800 rpm), (Fig. 100). This occurred 
in Test OlOB/14 (point 14) as well (Fig. 99). 


159 





ORICIMAL PAGE FS 
OF POOR QUALITY 



o 


I CO 

d 




m 

o 

u 

09 


S 

<9 

C 

o 

00 

> 


<s 

•o 

0) 

V 

n. 

CA 


0) 

to 

I 

0 

4-> 

1 

0) 

00 

•o 


a 

u 


<u 

u 

3 

00 

•H 


161 








DIMENSIONLESS FILM RESISTANCE (R 


ORIGINAL PAGE IS 
OF POOR QUALITY 



Figure 103. Dimensionless Fluid Film Resistance vs 
Clearance to Radius Ratio 
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gure 104. Hybrid Bearing Pressure Ratio vs Bearing Clearance 
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Figure 106. Vibration Atr.piitude vs Bearing Squeeze Number 



The physical significance of the squeeze number is the squeeze velocity at which 
the bearing moves radially onto the fluid film. This squeeze velocity is 
dire«‘tly proportional to the vibration frequency; therefore, it represents the 
external excitation frequency which, in this case, is the shaft speed. 

Theoretical analysis shows that there exists a threshold squeeze number beyond which 
the bearing damping ability breaks down, resulting in subsynchronous whirl (Fig. 107). 
The data indicate the tests conditions were well below that threshold number of 
0,02. The shaft bearing system will be unstable whenever the system's lowest 
critical speed falls below this threshold frequency. The data show3 that at the 
point of instability (test point 3) the squeeze number was at the mid range of 
all the test data (0.001 to 0.003). The shaft rpm was 76,827 for point 3 and 
78,784 for point I'- which is approximately twice the first critical speed. All 
data above o = 0.003 were at relatively low speeds where stability exists and less 
damping is required. 

Figure 107 illustrates that the threshold squeeze number o is approximately > 0.02 
from the theoretical analysis. The squeeze numbers, of the test data all fall well 
below 0.01 as shown in Fig. 106, A majority of the vibration levels were around 
0.102 mm (0.004 inch p-p). The dotted line indicates the average vibration, and 
it shows a slight rise with increasing squeeze numbers. This is expected because 
the unbalance response of a rotor is proportional to the square of speed. At data 
point 3, the rotor experienced excessive vibration but the squeeze number is 
still very low (0.001 to 0.003). Therefore, it is very unlikely that this high 
vibration was the result of damping breakdown due to high squeeze action. That is 
net to say that the bearing damping alone was sufficient to prohibit subsynchro- 
nous whirl instabilities but that the net damping of the system was inadequate. 

A probable cause of the hydrostatic bearing rubbing is proposed as follows. The 
turbopump was running at a steady speed of approximately 3142 radlans/sec 
(30,000 rpm) for the first half of Test 014 and was accelerated to 8063 radians/ 
sec (77,000 rpm) just before the data point 3. The vibration amplitude, which 
might arise from some residual unbalance, increased with the shaft speed resulting 
in a large shaft bow (tilt). The bearing is subjected to rubbing at its end if the 
tilt is excessive. If rubbing does occur, the cartridge will drop in speed resul- 
ting in lower stiffness, capacity and damping, which, in turn, aggravates the 
situation. Inspection of the posttest bearing revealed generally an all-around 
galling at the pump cartridge end, which confirmed the hypothesis that rubbing did 
occur as a result of excessive shaft bow. 

A remedy to the tilt-induced rubbing may be to improve the moment resistance capacity 
of the hydrostatic bearing. This moment is proportional to the distance between 
row centers of the recesses and the bearing stiffness, assuming a two-row recess 
configuration is adopted. Increasing the L/D ratio will help a great deal, but 
on the other hand the maximum allowable tilt will be reduced. There seems to be 
an optimal L/D ratio which yields maximum moment resistance. Wider space between 
the rows of recesses also aids but may promote greater flowrate. Greater L/D 
ratio also causes higher friction. A better approach might be to use damping- 
type seals (straight smooth) in the turbopump between the bearings to achieve 
damping and resistance to shaft bow in concert with hydrostatic bearing damping. 
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Empirical Correlation of Hydrostatic Bearing Flowrate 
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Additional empirical correlation of the hydrostatic bearing test flowrate data 
with the predicted data was used to improve the analytical model. This was done 
after testing. The results are discussed below. 


Journal bearings can be divided into two classifications: (1) bearings where 

load-carrying capacity depends on an external pressure source and (2) bearings 
that derive load capacity from the pressure buildup within the fluid film. The 
first classification Is usually referred to as hydrostatic bearings. For 
example, the Mark 48 fuel pump hydrostatic bearing is among this classification. 
The second classification is always referred to as hydrodynamic bearings which 
require relative motion of the bearing surfaces and eccentricity of the journal 
to build up the load capacity. In general, for a hydrostatic b iring, the rota- 
tion induced pressure (or circumferential flow) is much less '-.tan the external 
pressure-induced force (or axial flow). On the other hand, for the hydrodynamic 
bearing the rotation-induced force is dominant, and the hydrostatic effects are 
negligible . 


In the last decade, turbomachinery design has evolved to require high-speed and 
low-clearance operation. As a result, the rotation and bearing surface roughness 
effects become important. The objective of this area of investigation was to 
check the surface roughness effect of the model developed in Ref. 5 and used to 
predict hybrid bearing flowrates. The check was made to determine the degree of 
rotation and surface roughness effects on the perfoirmanc'' of the journal bear- 
ings or seals. The available Rocketdyne Mark 48 fuel turbopump test data and 
NASA hybrid bearing tester data base was used to check the model. Two major 
bearing performance parameters were investigated: the bearing leakage rate and 

the bearing dynamic coefficient. 


Mass Flowrate prediction Improvements . In 1962, Yutaka Yamada (Ref. 6 and 7) 
analyzed experimentally the resistance of water flow through coaxial cylinders 
when the inner cylinder rotates. The following empirical formula for the friction 
coefficient was developed as presented by Ref. 8 and 11. 



= 0.079 R 


-0.25 

a 



3/8 


( 1 ) 


Part I 


Part II 


where Rg is the axial flow Reynolds number, and R^ is the rotational Reynolds 
number. The first part of Eq. 1 is very close to the smooth pipe friction coef- 
ficient in the Moody diagram (Fig. 108) presented in many publications (e.g.. 
Ref. 8). The second part is the correction of the friction coefficient due to 
rotation effects. Equation 1 was used directly by Black and Jenssen (Ref. 9 and 
10) and later by Childs (Ref. 11 and 12) for seal friction coefficient 
calculations . 


The Rg in Eq. 1 is defined as: 
U X 2 X C X p 

a 


( 2 ) 
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Figure 108. Moody Diagram 






If one uses Yamada's definition for Rg which is 


OP POOR 


S3 

Q-ality 


R 

a 


U X C X p 
a 

y 


Then Eq. 1 becomes 


R „ d-0*2^ 

— = 0 . ^6 R 
4 a 


1 + (7/8)‘ 


(i)'l 


0.38 


where Eq. 4 was the original equation presented by Yamada. 


( 3 ) 


(4) 


Yamada's equation is valid only for small values of relative roughness k/D 
(Fig. 108), where k is the surface finish and D is the hydraulic diameter. For 
most seals or hydrostatic bearings the clearance is relatively small, even for a 
very smooth surface finish, say 0.000406 mm (0.000016 inch). The relative rough- 
ness for a radial clearance of 0.0381 mm (0.0015 inch) is still about 0.005 
instead of 0.0008 which is the perfectly smooth surface assumption. 


As the Reynolds number or surface roughness Increases or the clearance decreases, 
the error of the smooth surface assumption is magnified. To account for both che 
surface roughness effects and rotational effects, a semi-emperical formula based 
on Yamada's equation and the Moody diagram has been developed within the hydro- 
static bearing analysis computer code previously mentioned (Ref. 5) and consis- 
tently used by Rocketdyne for seal friction coefficient calculations. 

Table 12 and Table 13 represent the Rccketdyne bearing test data (pump side) and 
the comparison between measured data with various methods of prediction. The 
cartridge rotational speed rpm, mass flowrate m, fluid density p, and fluid 
dynamic viscosity u were obtained directly fron test data, while the radial 
clearance C is based on the stress analysis presented in Ref. 13. The axial 
velocity Ua, circumferential velocity Uj-, axial Reynolds number R^, circumferen- 
tial Reynolds number Rj-, the friction coefficient without rotation f, the fric- 
tion coefficient with rotation fg and the percentage of rotation effect on the 
friction coefficient Af^ were calculated by the following equations: 

m 

P - 

^a~TTxDxCx2g 

where the diameter of the cartridge D for this case is equal to 4.445 cm 
(1.75 inches) 

^ X w (6) 
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TABLE 12. ROCKETDYNE MARK48-F HYDROSTATIC BEARING TEST DATA 
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TABLE 13. COMPARISON BETWEEN ROCUETDYNE MEASURED DATA AND PREDICTION 































where is the rotational speed 
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OF POOR QUALITY 


R 

a 


U X 2 X C X p 
a 

U 


( 2 ) 


If Is calculated by Eq. 2 instead of Eq. 3, then Eq. 1 should be used for the 
friction coefficient calculation: 


U X r. X p 
R = 

r y 


f = 4 X 0.079 X R 


-0.25 


-0 25 

f„ = 4 X 0.079 X R 
R a 


.1 R 2‘ 

I/) 

a 


3/8 


/^R - ^ 

if J . (-j— ) X lOOZ 


(7) 

( 8 ) 

(9) 

( 10 ) 


As mentioned before, the values for f]^ obtained from Eq. 9 take into account 
rotational effects but not surface roughness effects. Based on Ref. 5, using the 
Mood)’ diagram (Fig. 108), the value f^ was modified to produce a new parameter f' 
which Includes the effects of surface roughness. To calculate f, the bearing 
surface roughness was set to 0.00325 mm (0.000128 inch). The value of 0.00325 mm 
(0.000128 inch) surface roughness used for Mark 48 bearing and NASA hybrid tester 
correlation was determined by analysis of the Rocketdyne test data. This was 
slightly higher than the smooth part of the actual hardware. However, due to the 
existence of the hydrostatic pad (20 pads for this case) , which contributes a 
roughness effect, the 0.00325 mm (0.000128 inch) effective surf.»ce roughness for 
this particular bearing was used. It is very difficult to predict the effective 
surface roughness for the bearing because the value depends on the n’jmber of pads 
and the flow passage interruptions. To determine the effective surface roughness, 
a tester can be developed, and the effective surface rougness can be obtained by 
precisely measure the leakage rate, clearance and the pressure diop across the 
tester. The pressure drop across the film (pad-to-sump) was determined by: 


AP 


PREDICTION 




= (K. + K 


FL 


in 


out 


IK 


P u , 
^ a > 

2g X 144 > 


( 11 ) 


where the hydraulic diameter D equals 2 times the radial clearance. 

The value of F can be defined by f, fg, or f'. The entrance loss coefficient K^n 
was set to 0.5 and the e:cit loss coefficient Kout was set to 1.0. The 
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characteristic friction length L* was approximated by the average fluid travel 
distance in axial direction and estimated with: 

L - n X Lp 

L* = 1 (12) 

where L and Lp are the axial bearing and pad length and n is the number of pad 
rows. In this case L equalled 1 inch, Lp was about 0.1 inch and n was equal to 
two. Therefore, the L v? _ue used for Eq. 11 was equal to 0.4 inch. Equation 12 
is a good approximation for low values for n and especially good for n equals 
one. The predicted pressure drop based on: (1) the friction coefficient f with- 

out rotation, (2) the friction coefficient f^ with rotation, and (3) the friction 
coefficient f' with rotation and surface roughness effects included were tabu- 
lated in Table 13 for comparison with measured pressure drop. 

Table 12 indicates that the rotational effect on the friction coefficient is less 
than 20%. However, the surface roughness effects could increase the friction 
coefficient by a factor of 3. As indicated in Table 13, without the surface 
roughness effects included the predicted pressure drop with or without rotational 
effects is underestimated by 60%. With the surface roughness effects included, 
the difference between prediction and data is less than 15%. The reason for this 
significant improvement is readily explained by the Moody diagram (Fig. 108). At 
Reynolds number close to 10^, which is close to the Mark 48 pump operational 
range, with radial clearance in the range of 0.0508 mm (0.002 inch) and surface 
roughness equal to 0.00325 mm (0.000128 inch), the friction coefficient should be 

0.06, which is more than 3 times bigger than the value for the smooth surface 
assumption. Similar calculations have been carried out for the available NASA 
test data and are summarized in Tables 14 and 15. The NASA hybrid tester radial 
clearance curve (as shown in Fig. 109) was obtained from Ref. 14. Speed, flow- 
rate, density, and viscosity were provided by Mr. Hannum of NASA-LeRC. Compared 
to the Rocketdyne data, the rotational effect Af^ for NASA data is more important. 
This is due to the NASA tester having relatively lower pressure across the fluid 
film combined wl»"h the same order of rotational speed. Similar to Table 13, 

Table 15 demonstrates that without surface roughness effects included, the accu- 
racy is ver> poor. With the surface roughness effects included, the error is 
again reduced to within 15%. The good agreement between data and prediction lead 
to several conclusions: 

1. The quality of the data is good. 

2. The surface roughness effect model is accurate and is able to pre- 
dict the pressure drop or leakages for two independent sets of 
test data. 

3. The predicted adlal clearance Is close to actual operation condition. 
(It must always be noted that operating radial clearance is an analyti- 
cally derived value. Although sopnisticated finite element analysis is 
used, the a cy is limited due to the lack of available ^nput of the 
parameters e. ectr.ng clearance changes.) 
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TABLE 14. NASA HYBRID TESTER TEST DATA (JUNE BUILD, TURBINE SIDE) 

(S.I. UNITS) 
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TABLE 15. COMPARISON BETWEEN NASA MEASURED DATA AND PREDICTION 
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Bearing Dynamic Coefficient Effect . Hydrostatic bearing forces exert a 
significant influence on the dynamic behavior of rotating machinery. The fluid 
in the bearing produces forces Fy and Fy on the journal which can be written as: 
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(15) 


The direct stiffness K^xt Kyy direct damping and Cyy in the matrix act 
as stabilizers and the off-diagonal, cross-coupling terms are destabilizers. The 
cross-coupling terms are a function of the rotation- induced Couette flow. The 
direct stiffness and direct damping coefficients are generated from the pressure 
differences across the bearing and have a very weak dependency on the rotational 
speed. On the other hand, the cross-coupling terms are directly proportional to 
the rotational speed. If there is no rotation, Eq. 15 can be simplified to: 
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by removing the cross-coupling terms as shown in Eq. 16, the direct stiffness and 
damping become more effective in Improving the rotor stability. To achieve this 
purpose, a grooved hydrostatic bearing has been proposed (Ref. 15). By properly 
designing the grooved angle, the cross-conoling dynamic coefficients can be par- 
tially, if not totally, removed. 


Since no dynamic coefficients were measured for Mark 48 pump test, the effect of 
rotation on the bearing performance was based on the predicted dynamic coeffi- 
cierts. According to previous predictions (Ref. 13) as reproduced in Fig. 65, 66, 
67 and 68, the cros- -coupling dynamic coefficients ate about 10 to 20% of the 
direct terms wlthi.. the range of the operational speed. This implies that the 
bearing load capacity will reduce by 10 to 20% if the rotation effect is taken 
into account. A more detailed rotordynamlc analysis can provide a cxaarer insight 
of the rotational effects on the system dynamic behavior. 


B earing Analysis Conclusion ^. The basic conclusions that can be drawn from 
analysis of the test data on the hybrid bearing are as follows: 

1. Within the operational range of speed, the rotation effect on the 
mass flowrate test values is less than 20%. The analytical model 
shows no effect of speed on the flowrate for a constant clearance. 
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2. The test data flowrate values were approximately 30Z lower than ^he 
predicted values using a smooth bearing surface assumption. The sur- 
face roughness effects are much greater than the rotation effects. 
Assuming the operating clearances are determinable and neglecting the 
effective surface roughness, the friction coefficient can be under- 
estimated by a factor of 3. 

3. The calculated pressure drop across the bearing based on the empirically 
derived friction coefficient with rotation and surface roughness effects 
included agrees fairly well with data. The difference between the de- 
veloped prediction and measured data are within 15% over the wide range 
of speed. 

4. The feasibility of incorporating hydrostatic/bail bearings in a high- 
speed turbopump for cryogenic applications has been demonstrated. The 
achieved cartridge liftoff of the pump-end bearing and operation at shaft 
speed has verified the theory of hybrid bearing operation. 

5. The observed speed difference between the cartridge and shaft at high 
steady-state speeds was due to the effect of the cartridge rubbing rather 
than torque differences between the hydrostatic and ball bearing. The 
viscosity effect due to temperature change on this speed difference is 
negligible. The light touching of the cartridge was caused by the high 
v^ ’.ration amplitudes at the high speeds. 

6. Several trends of data observed in the testing agree well with theory. 

These are: the flowrate increases with pressure differential across the 

bearing, the pressure ratio increases with cartridge speed and decreases 
with clearance, and the fluid film resistance calculated from test data 
decreases with increasing clearance. 

7. Most data follow the trends predit..c:d except for a few scattered points, 
which are data points No. 1, 2, 16, 17, 18, and 19. These are associated 
with relatively low shaft speed and internal flow. The actual cause for 
the scattering has not been determined. Test points 16, 18, and 19 

are data where choking at the fluid film exit may be occurring. 

8. Test data indicated a decreasing trend of the flowrate with increasing 
bearing number, A , even when the latter is small. Theory, however, 
shows no significant effect if A has a low value (0 to 0.1), which means 
the Couette effect at low rc 'tionai effect is negligible in a dominantly 
hydrostatic bearing. The c*»u : of the deviation from theoretical predic- 
tion has not been determine* 

9- The data indicate high vibrations and subsynchronous whirl during Test 
No. 14 were not caused primarily by bearing damping breakdown, as the 
squeeze number was quite low when these occurred. Data show that some 
other data points which operated with stability did have higher 
squeeze numbers. In this type of turbopump where there is a large 
shaft span between the bearings, it may be beneficial to provide other 
sh^ ..‘t damping independent of the hybrid bearing. An example of this 
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would be fluid film damping in the place of labyrinth seals. This would 
have increased the stability considerably. The bearing rubbing at o*-her 
times is a consequence of excessive shaft bow at the bearing. 

Dynamic Analysis and Performance 

The analysis of the dyiiamlc data for the Mark 48-F turbopump testing with hybrid 
bearing was completed. Two critical speeds were detected that correspond to the 
second and third analytical critical speeds. The test data verify that a wide 
spectrum of control of rotordynamlc parameters can be maintained by the hydro- 
static bearing supply pressure level available to the turbopump. The analysis 
also indicates that the accuracy of the predictions of rotordynamlc behavior 
hinges on the accuracy of the predictions of direct and cross-coupled stiffness 
and damping values. Empirical verification of these values is basic to the eval- 
uation of the hydrostatic bearing potential and the probability of wide range 
rotordynamlc control by hydrostatic bearing parameters. The analysis for this 
study of turbopump rotordynamics was made using the present state-of-the-art 
capability for prediction of these parameters. 

The rotordynamlc analysis of the turbopump test data was developed in detail. 

The analysis consisted of seven different areas of study as follows; 

A - Individual Test Summaries 

B - Critical Speed Analysis 

C - Subsynchronous Whirl 

D - Synchronous Harmonics of Shaft Speed 

E - General Bearing-Cartridge Performance 

F - Rotordynamlc Ar alysis Conclusions 

G - Recommendations 

Each area of analysis is presented In detail below. 

Individual Test Summaries . A test-by-test summary is presented in Table 16 for 
the 15 Mark ASF turbopump tests using hybrid bearings. Included in the informa- 
tion listed for each test are maximum pump and bearing cartridge speeds, critical 
speeds and synchronous harmonics, maximum vibration levels, and any other dynamic 
phenomena detected during testing. The most notable of these events is the 
subsynchronous vibration which was seen at approximately 50% of shaft speed dur- 
ing the high-speed portions of tests 012 and OlA. Also of interest are the 
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TABLE 16. ROTORDYNAMIC TEST DATA 
SUMMARY - HYBRID BEARINGS 
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TABLE 16. (CONTINUED) 
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970 Hz resonance, which appears to have been a casing mode, and the unusual 3/2 
harmonic seen during tests 006 and 007. 


Critical Speeds . Two critical speeds were identified during testing, one at 
3665 radians/stc (35,000 rpm) a.id another at speeds varying from 5760 to 8378 
radians/sec (55,000 tc 80,000 rpm), depending on the magnitude of the hydro- 
static bearing supply pressures used and the operation of the turbine bearing 
cartridge. They will be referred to as the first and second critical speed in 
this discussion. 

1 . First Critical Speed 


The first critical speed was detected at approximately 3665 radians/sec 
(35,000 rpm) for tests 008, 010, and Oil. Shaft deflection plots from 
radial proximity probes (Bentlys) and acceleration plots from the pump- end 
radial accelerometers (PRA) are given in Fig. 110 to 113 and 114 to 117, 
respectively. They show the critical speed's presence during tests 010 
and Oil (Fig. 110, 111, 114, and 115). Th® radial Beutlys also indi- 
cated a phase change, an example of which is shown in Fig. 118 for 
test Oil. High bearing supply pressures were used during these three 
tests (pressures higher than the turbopump is capable of providing). 

This condition was analyzed in initial studies, but those pressures 
combined with the turbine cartridge's inability to turn due to axial 
loading (see the section on turbine cartridge performance) produced pump- 
end and turbine-end springrate, which had not been previously analyzed. 
This makes a comparison of this critical speed to any analytical data 
impossible without fur. her in-depth analysis. 

During tests 012 and 014, the first critical speed was not seen on 
accelerometer data, but are evident on Bently data (Fig. 112 and 113). 
These tests used pump-fed bearing pressures (pressures the turbopump 
provided). The turbine cartridge at startup was rotating at about 
838 radians/sec (8000 rpm) when the shaft was at 3665 radians/sec 
(35,000 rpm). This mode probably corresponds to the second analytically 
predicted critical speed shown in Fig. 119. Correlation of subsyn- 
chronous whirl frequencies with the second predicted mode adds more 
confidence to this assumption (see sections on subsynchronous whirl). 

Talle 17 shows the pressure drops across each bearing for tests 010, 
oil, 012, and 014 at 3665 radians/sec (35,000 rpm), 

2. .lecond Critical Speed 


The second critical speed was detected during tests 010, 0J2, and 0x4 
(all the high-speed tests). Pump radial accelerometer and radial shaft 
deflection plots for test 010 (Fig 110 and 114) indicate that the criti- 
cal did not appear until almost 83i 8 radians/sec (80,000 rpm). The 
phase change for test 010 (top of fig. 120) also shows this. Like the 
first detected critical for test 010, this critical cannot be compared 
to any analytit-al results because of the lack of turbine cartridge 
rotation due to axial loading. 


155 





TEST on 



iieuo idVHS 




TEST 012 



Nl ‘UiliNVIQ liaUO IJVHS 



NW 'U3J.3MVld liauo 13VHS 


188 


SHAFT SPEED, RAOIANS/8EC 
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Figure 116. Pump-End Radial Accelerometer Response - Test 012 
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Figure 117. Pump-End Radial Accelerometer Response - Test 014 
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TEST NO. 

SHAFT SPEED. 
RPM 

SHAFT SPEED. 
RADIANS/SEC 
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EXAMPLE OF PHASE CHANGE 
FROM TEST NO. 11 


3S81 RAD/S 3780 RAD/S 

34.200 RPM 36.100 RPM 



PHASE CHANGE IS SHOWN BY BENTLY RADIAL PROXIMETER 
BRP-1 FOLLOWING A 0.066 MM (0.0026 INCH) 

GLITCH CUT INTO SHAFT 


Figure 118. First Critical Speed Evidence of Phase Change 


Test Oil 
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NATURAL FREQUENCY, CYCLES/MINUTE 
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RADIAL CLEARANCE - a0018 INCH AT 96.000 RPM 
ORIFICE DIAMETER - a030 INCH 
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Figure 119. Turbopunp Rotordynanlc Critical Speed With 
Subsynchronous Response 
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TABLE 17. HYBRID BEARING TESTS - PRESSURE DROP ACROSS HYDROSTATIC BEARINGS 
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8063 RAO/S 
77,000 RPM 



TEST NO. 10 


8514 RAD/S 
81,300 RPM 



5760 RAO/S 
55,000 RPM 



TEST NO. 12 

6180-7120 RAD/S 8566 RAD/S 

59-68,000 RPM 81 ,700 RPM 



BEATING AND PHASE CHANGE 
INDICATE EDGE OF CRITICAL 


TEST NO. 14 



BEATING AND PHASE CHANGE 
INDICATE EDGE OF CRITICAL 


Figure 120. Second Critical Speed - Evidence of Phase Change - 
Tests 010, 012, and 014 Bently Radial Proximeter 
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When pump-fed pressures of lower values were used during tests 012 and 
014, the critical speed appeared at a much lower speed and seemed to 
track rotor speed. This Is shown by pump radial accelerometer md radial 
shaft deflection plots (Fig. 112, 113, 116 and 117) and also by phase 
changes Illustrated by Fig. 120. Test 012 shows the critical speed 
tracking from 5760 to 8587 rad/s (55,000 to 82,000 rpm), and test 014 
shows tracking from 6912 to 8273 rad/s (66,000 to 79,000 rpm). This 
corresponds well with the third analytical critical which Is shown to 
track rotor speed in Fig. 119. It must be noted that the turbine car- 
tridge was loaded axially and did not rotate during almost all operation 
in the 5236 to 8376 rad/s (50,000 to 80,000 rpm) range. This condition 
once again gives us an unknown turbine-end sprlngrate. Table 1/ gives 
the pressure drops across each bearing for the critical's speed range. 

3. Undetected Critical Speed 

The first analytically predicted critical speed shown in Fig. 119 was 
never detected during any test. This mode was probably damped out due 
to the smaller amount of energy in the rotor at low speed and the extra 
damping provided by the hydrostatic bearings. It is unlikely that 
detection of the mode was missed due to inadequate instrumentation 
positioning. The very rapid accelerations of the shaft at startup to 
over 30,000 rpm also riade detection difficult. 

4. Casing Resonance 

What appears to be a very sharp casing resonance was excited between 
950 and 970 Hz on every test that passed through Its frequency range. 

It can be seen on all pump-end radial accelerometer plots (Fig. 114, 

115, 116, and 117) but does not shew on any radial shaft deflection 
plots (Fig. 110, 111, 112, and 113). Figure 121 shows both the analyti- 
cal and experimentally verified (rap test) mode that corresponds to this 
frequency level (Ref. 3). 

This resonance was also detected during test 004 when shaft speed was 
only 2513 rad/s (24,000 rpm). The casing mode appeared as a super- 
synchronous vibration at 970 Hz. This unusual behavior is shown by the 
isoplot in Fig. 122. 

Subsynchronous Whirl . Subsynchronous, synchronous, and supersynchronous data are 
detected on the isoplots of the pump radial accelerometer test data in Fig. 123 
to 127. Rotative speed characteristics for the ends of tests 010, 012, and 014 
are shown in Fig. 128 to 130. Subsynchronous whirl was encountered during two of 
the three tests which reached 8376 rad/s (80,000 rpm). It first appeared durlrw 
test 012 when pump speed reached 8168 rad/s '78,000 rpm) as shown by Fig. 129 and 
continued unf*! speed dropped to 7645 rad/s (73,000 rpm). It varied fr<xn 615 to 
715 Hz (36,90 j to 42,900 cycles per minute) and from 47% to 53. 5Z of pump speed. 
Figure 125 shows the subsynchronous whirl in Isoplot form as well as synchronous / 
vibration and several harmonics. Test 014 developed subsynchronous vibration when 
pump speed reached 8241 rad/s (78,700 rpm) as shown by Fig. 130 and continued 
until speed dropped to 8084 rad/s (77,200 rpm). It varied from 525 to I'll Hz 
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Figure 121. Test to Analysis Mode Shape Conparlson of Turbopuiup Casing 
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Figure 122. 970 Hz Casing Resonance Behaving As Supersynchronous Vibration- Test 004 
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Figure 12A. Synchronoua Harmonics Indicating Rubbing- Teat 010 
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Figure 125. High-Speed Operetion Shows Sub synchronous Vibration, 2 and 3 Times 
Synchronous, and Pump Cartridge Vibration - Test 012 
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(37.500 to 46,300 cycles per minute) and from 48. SZ to S4Z of pump speed. Fig. 127 
shows the subsync hr onous and synchronous vibration along with several harmonics 
in isoplot I rm. The problem is probably caused by excitation of the critical 
speed which was detected at 3665 rad/s (35.000 rpa) on previous tests. It cor- 
responds well to the second predicted critical speed shown in Fig. 119 which should 
respond in the 40,000 to 45,000 cycles per minute range for a pump speed range of 
7854 to 9425 rad/s (75,000 to 90,000 rpm) when bearing springrates are produced 
by pump-fed pressures as in tests 012 and 014. 

Large vibration amplitudes were found at the high speeds. These were manifest In 
several forms. One was found to be synchronous, which is basically a rotor 
unbalance response; the other was the instability which is seen as subsynchronous 
whirl. An instability is not a forced vibration, such as unbalance response, but 
involves a mismatch of dissipative and destabilizing forces. The positive X values 
of Fig. 79 relate to regions of operation where tne destabilizing forces exceed 
the dissipative forces. In the case of the Mark 48-F turbopump, the major dis- 
sipative forces are produced by the bearing and labyrinth seals direct stiffness 
and damping. The destabilizing forces were produced by the labyrinth seal indirect 
or cross-coupling stiffness. The destabilizing forces are dependent on the tan- 
gential (couette) flow of the trapped fluid. When rotor speed reaches approxi- 
mately twice the predicted second critical speed, the trapped fluid rotational 
speed matches that second predicted critical speed, resulting in maximization of 
the destabilizing forces. The result is large shaft deflections which can cause 
damage to the turbopump through contact of the rotor to the housing. 

The subsynchronous whirl was coincident with heavy rubbing of the pump interstage 
labyrinth seals as indicated by the 2 and 3 times pump speed harmonics on the pump 
radial accelerometer shown in Fig. 125 and 127, and as measured after the pump 
was dismantled. Indications of similar rubbing amplitudes with 2 and 3 times pump 
speed harmonics occurred on earlier tests and on test 014 prior to subsyuchronous 
vibration. This is due to the high amplitudes indicated by rotor unbalance 
response (synchronous vibration). The pump at disassembly showed 360-degree wear 
on casing impeller labyrinth stage seals. Figure 131 shows a plot of the radial 
shaft operating deflections necessary to wear each seal the amount measured. It 
also shows the hydrostatic bearln(.s to be bound up and not able to rotate when 
the maximum seal wear occurred. This did in fact happen 2 to 3 seconds after 
whirl inception during test 014. For more information on this, see the section 
on general bearing cartridge performance. 

Since this pump has operated in excess of 9425 rad/s (90,000 rpm) with standard 
ball bearings with no stability problems, this raises the question as to whether 
the incorporation of the hybrid bearing configuration into the turbopump resulted 
in the Instability encountered. Test 010 reached 8514 rad/s (81,300 rpm) with the 
hybrid bearings and remained stable. This makes it advantageous to investigate 
the different running conditions between tests 010, 012, and 014. 

1 . Difference i n Bearing Supply Pressures 

Test 010 ran higher bearing supply pressures to both the pump and 
turbine bearings than did tests 012 or 014 (see Table 17). However, 
according to the stability analysis in Fig. 79, softer hydrostatic bear- 
ings provide greater stability margin. This makes the drop in supply 
pressures unlikely as the cause of the Instability. 
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2. Change In Turbine Pressure Ratio Which Allowed Turbine Cartridge Rotation 


Various turbine-end cartridge positions have been schematically diagranaied 
in FI 3 . 132 through 135 for illustrative purposes. The turbine pressure 
ratio was changed between tests 010 and 012 to reduce turbine and axial 
shaft load which was preventing turbine cartridge rotation (see Fig. 132 
and the section on general bearing cartridge performance). This allowed 
turbine cartridge rotation at high pump speeds for the first time during 
tests 012 and 014. A relationship between whirl Inception and the be- 
ginning of turbine cartridge rotation can be seen when examining Fig. 129 
and 130. Turbine cartridge rotation started 0.2 second after whirl 
Inception during test 012 and 0.7 seconds after whirl inception during 
test 014. A possible explanation of this behavior which was reinforced 
by hardware inspection is shown in Fig. 133. The reduction in the axial 
shaft load allowed the bearing cartridge and shaft to float and tilt. 

This tilt caused surface-to-edge contact between the Beaiium rub ring 
and the bearing cartridge. This contact created a polished ring on the 
end of the turbine cartridge (top right of Fig. 133). 

The pump cartridge was also tilting with the shaft bow as shown in 
Fig. 134. Evidence of this was found when the pump was dismantled and 
it was discovered that some of the silver plating on the inlet* end of the 
bearing support had been either relocated inward or rubbed aw«v (^ee 
Fig. 135). 

Subsynchronous whirl starts just at the beginning of turbine cartridge 
rotational freedom, as shown in Fig. 129 and 130. The whirl also begins 
during the pump cartridge acceleration on test 012. With the pump cart- 
ridge speedup, the stiffness and damping is Increased at the same pres- 
sure levels by the increase in cartridge speed and clearance. Similarly, 
the turbine-end cartridge speed increase results in an increased stiff- 
ness and damping due to decreased clearances. This agrees with the gen- 
eral conditions shown in Fig. 79 where increased stiffness and damping 
causes stability margin decrease. The instability cannot be directly 
calculated or predicted by rotordynamic analysis for this operating con- 
dition due Co the complex manner of the changes in the various parameters. 
It is important to note that the stability margins of the turbopump could 
be enhanced by the use of straight seals in the place of labyrinth seals. 
Although Che leakage rate may be compromised, there is an increased 
stiffness and damping available by these modifications which were not in 
the scope of the present contract. It is recommended this be considered 
for future turbopump designs where stability is marginal. Recent studies 
have brought to light the possibility that bearing tilt or angulation 
through the supporting hydrogen film could produce destabilizing forces 
(Ref. 16). The bending modes occurring at the high speeds may have 
caused the shaft bending forces to develop bearing angulation sufficient 
to create this condition. 
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PROPER TURBINE CARTRIDGE OPERATION 
WITH BALANCE PISTON CENTERING CARTRIDGE 
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TURBINE CARTRIDGE OPERATION 
TESTS 001 TO 010 

CAUSED BY IMPROPER POSITION OF BALANCE PISTON 



Figure 132. Turbine Cartridge Position as Function of Balance Piston 
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TURBINE CARThIDGE OPERATION WHEN SUBSYNCH RONOUS FIRST APPEARS 



TURBINE CARTRIDGE OPERATION (EXAGERATEO) WHEN 
CARTRIDGE ROTATION AND SUBSYNCH RONOUS ARE PRESENT 
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Figure 133. Turbine Cartridge Position During Subsynchronous Vibration Levels 
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NORMAL PUMP CARTRIDGE POSITION 
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PUMP CARTRIDGE TILT CAUSED BY BOTH 
S' NCHRONOUS AND SUBSYNCHRONOUS VIBRATION 



Figure 134. Punij -End Car* ridge ■ ' ^ Rotor Bending 
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CONTACT CAUSED BY BOTH SYNCHRONOUS AND SUBSYNCH RONOUS VIBRATION 
CONTACT AREA 



SKETCH OF CASING CONTACT AREA 



DISPLACED SILVER 
DURING CONTACT 


Figure 135. Displaced Sliver Plating on Pump-End Bearing 
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Synchronous Haraonlcs of Shaf t Speed 

1 . Exact Multiples of Shaft Speed 

Harmonics which were exact multiples of shaft speed were clearly detect- 
able on tests 008, 010, 012, and 014. All four tests showed 2 and 3 
times synchronous vibration above 6283 rad/s (60,000 rpm), and test 014 
showed 4 tines synchronous (see Fig. 123 through 127). When subsynchro- 
nous whirl appeared during tests 012 and 014, the harmonics persisted. 
Pump disassembly showed that these harmonics were indications of inter- 
stage labyrinth seal rub. These seals show rubbing at all tines during 
operation above 6283 rad/s (60,000 rpm) and :uost heavily during subsynch- 
ronous whirl. The hybrid bearings alone were apparently unable to limit 
the shaft bending mode amplitudes sufficient to prevent seal damage. 

It is not logical to assune that these bearings alone could prevent this 
due to the relatively large midspan of the rotor between the bearings. 
Other damping devices such as straight, smooth seals in place of the 
labyrinth seals would provide adequate damping of these amplitudes. 

2. 3/2 Harmonics of Shaft Speed 

During tests 006 and 007, a very unusual 3/2 multiple of shaft speed 
was detected on the turbine end of the pump when shaft speed was about 
3456 rad/s (33,000 rpm). This is shown in Fig. 136 and 137, and no 
explanation for this frequency has been determined. However, it should 
be noted that when this harmonic appeared, the pump was operating Just 
below a 3665 rad/s (35,000 rpm) critical speed, which was detected dur- 
ing later tests (see section on critical speeds) . The frequency was 
not evident on shaft Bently data and the tracking of shaft speed indi- 
cates a rotor phenomena rather than a casing resonance. 
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Figure 136. 3/2 Harmonic On Turbine Axial Acceler.^i:tei - T«. c 006 
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General Bearing Cartridge Performarice 

1 . Pump Cartridge Perforaance 

The pump end hydrostatic bearing cartridge performed very well in the 
0 to 6807 rad/s (0 to 65,000 rpm) range for all tests. It tracked 
pump speed during steady state operation and followed closely during 
pump accelerations and decelerations. However, when the pump was 
operated in the 6807 to 9425 rad/s (65,000 to 90,000 rpm) range, the 
shaft radial deflections and angulation combined to cause contact between 
the cartridge and the bearing support (see Fig. 99, 100 and, 135). The 
cartridge would then slow down and speed up repeatedly until there 
was established a new steady state speed at some fraction of shaft 
speed. This relationship also can be seen in Fig. 128, 129, and 130 where 
both shaft and cartridge speed are plotted. Evidence of this rubbing 
was discovered during teardown in the form of a small amount of silver 
plating that had been removed or displaced inward on the inlet end of 
the bearing support (see bottom of Fig. 135). 

When the pump cartridge %#ould operate below pump speed but above 
6283 rad/s (60,000 rpm), its owi vibration signature could be seen as 
shown in Fig. 125 for test 012 -'*d in Fig. 126 and 127 for test 014. 

Its speed would also influence shatc radial displacement as can be seen 
in Fig. 130 where cartridge and shaft speed are plotted along with 
diametral shaft displaconent. 

2. Turbine Cartridge Performance 

During tests 001 through 010, the turbine cartridge failed to turn due 
to Inadequate balance piston position. The shaft was moving axially 
toward the inlet during startup as sho«m by the axial displacement plot 
in Fig. 138 and 48. This movement, which was measured by an axial 
proximity probe on the pmp end, caused the turbine bearing cartridge 
to press against the Bearium ring which prevented rotation (see bottom 
of Fig. 132). Slight rubbing marks on the Bearium ring discovered during 
teardown verifies this contact. 

A partial solution to freeing the turbine cartridge was by changing the 
turbine pressure ratio. The turbine pressure ratio was increased to 
counterbalance the axial load on the turbine bearing and reposition the 
shaft so that the Lurblne cartridge would float between its end stops. 

This resulted in turbine cartridge rotation at a fraction of pump speed 
during tests 012 and 014. Figure 129 shows turbine cartridge rotation 
beginning for test 012 when a pump speed of 8011 rad/s (76,500 rpm) is 
reached and steadily increasing to a maximum of 3665 rad/s (35,000 rpm) 
before the test was cut. Figure 130 shows similar results for test 014 
until both turbine and pump cartridge rotation are stopped by large shaft 
deflections. This flexure caused bearing cartridge contact and has been 
determined to have resulted in a backward rotation of the cartridges 
(see next section). 
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3. Backward Rotation of Cartridges 

When subsync hr onous whirl was encountered during test 014, shaft bow 
was of such a magnitude as to eventually bind both hydrostatic 
bearing cartridges. This is shown graphically in Fig. 131 where 
measured seal wear has been used to make a bowed rotor plot. 

Figure 130 shows the pu.'p cartridge and turbine cartridge stopping 
2.2 and 3.4 seconds, respectively, after the instability appears. This 
binding produced a slow backward rotation of each cartridge dependent 
on the relative diameters of the cartridges and bearing supports and 
the subsynchronous vibration frequency. Evidence of the beginning of 
backward rotation can be seen in the top of Fig. 139, which shows the 
wave form from each cartridge speed probe when rotation reverses. The 
bottom of Fig. 139 shows the mechanism involved using synchronous vibra- 
tion as the force causing cartrldge-to-support contact. Figures 140 
and 141 show Che calculation of back%mrd rotation speed for both car- 
tridges using the synchronous and subsynchronous frequencies from 
test 014 as the driver. Comparison with the measured speeds indicate 
that Che subsynchronous vibration was the principle iriver maintaining 
carer idge-to-supporc contact 12.3 rad/s (118 rpm) measured and 12.7 rad/s 
(121 rpm) calculated for the pump-end bearing, and 10.2 to 15 rad/s 
(97 to 143 rpm) measured and 11.6 rad/s (111 rpm) calculated for the 
turbine-end bearings). 

Rotordynamic Analysis Conclusions 


1. Comparison of the critical speeds detected during testing with the 
analytical predictions was hampered by the turbine end cartridge 
unknown spring rate due to axial loading. It was determined, however, 
chat the two critical speeds detected did correspond to the second and 
third analytical shaft modes. 

2. A subsynchronous whirl was encountered on this turbopump at high speeds 
with the internally supplied flow conditions. The frequency of whirl 
varied from 47 to 54X of shaft speed and corresponds well to the second 
predicted critical speed. Rotordynamic prediction of this instability 
in advance was not possible due to the nature of the hydrostatic bear- 
ing and shaft speed differences encountered in the tests. Improvement 
in ti>e stability margin can be achieved on a rotor design of this type 
by the addition of damping in the rotor midspan at the seals. This 
turbopump modification will provide stiffness and damping all along 
the raidspan of the rotor and not force the hybrid bearings to assume 
all the responsibility for damping. 

3. The hybrid bearing rotor assembly could not sufficiently control 
synchronous radial shaft deflections due to rotor unbalance or mis- 
alignment when rotor speed exceeded 7330 rad/s (70,000 rpm). This, 
again, may have been due to a lack of stiffness and damping along the 
midspan of the rotor. 
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Figure 139. Mechanism of Cartridge Backward Rotation 
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CALCULATED SPEED 

SHAFT SPEED > 9006 rad/sec (86,000 RPM) 
DIAMETRAL CLEARANCE > (0.0049 INCH) 0.1246 mm 
BEARING ID > (1.744 INCH) 4.430cm 
CARTRIDGE OD - (1.7391 INCH) 4.417 cm 


CARTRIDGE SPEED 

WITH SYNCHRONOUS DRIVER 


(0.0049) 

(1.7391) 


(86,000) 


(242 RPM) 25.3 rad/s 


CARTRIDGE SPEED 

WITH SUBSYNCHRONOUS DRIVER 


(0.0049) 

(1.7381) 


(43,000) = (121 RPM) 12.7 rad/s 


MEASURED CARTRIDGE SPEED •= (118 RPM) 12.4rad/$ 


Figure 140. Pump-End Cartridge Backward Rotation 
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CALCULATED SPEED 

SHAFT SPEED - 9006 rad/Mc (86.000 RPM) 
DIAMETRAL CLEARANCE • (0.0046 INCH) 0.1143 nwn 
BEARING I.D. - (1.744 INCH) 4.430 
CARTRIDGE O.D. - (1.7396 INCH) 4.418 mm 


CARTRIDGE SPEED 

WITH SYNCHRONOUS DRIVER 


(0.0046) 

(1.7396) 


( 88 . 000 ) 


(222 RPM) 23.2rad/wc 


CARTRIDGE SPEED _ (0.0046) 

W'TH SUBSYNCHRONOUS DRIVER “(1.7396) 


(in RPM) 11.erad/t8C 


MEASURED CARTRIDGE SPEED - (97 TO 143 RPM) 10.2 TO 16.0 rad/wc 


Figure lAl. Turbine-End Cartridge Backward Rotation 
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4. The balance piston was incapable of controlling shaft axial movement 
well enough to permit proper turbine bearing operation. This was 
caused by rubbing of the high-pressure orifice at startup on initial 
tests. The rubbing wore the high-pressure orifice (Fig. 58) so that the 
sh&ft was required to operate further forward toward the pump end. This 
caused the turbine cartridge end to contact the forward stop and prevent 
rotation. This result caused the operating conditions not to conform 
to those used in the rotordynamic predictions, thereby making direct 
correlations without further amilytlcal effort impractical. 

Rotordynamic Analysis Recommendations 

1. All analytical work done previously assumed cartridge rotation for 
both bearings. The location of the critical speeds for the combined 
condition of unnaturally high bearing supply pressures and the axially 
loaded turbine end bearing should be determined analytically, if possi- 
ble, and compared to the test results. 

2. Further study should be made to measure or calculate the difference 
in the resistance to shaft tilt or angulation between duplex ball 
bearings and hydrostatic bearings. 

3. The stability analysis should be studied to determine why the instability 
encountered at 8168 rad/s (78,000 rpm) was not predicted to occur until 
12,566 rad/s (120,000 rpm). Stability analysis is dependent on the 
direct and cross-coupled coefficients predicted for the model. Ques* Ions 
arise as to the accuracy of predicted values which must be verified by 
testing. The analysis should then be re-evaluated to match test results. 
This may require considerable in-depth analysis due to the lack of tur- 
bine cartridge rotation during whirl inception. The possibility of 
bearing cartridge tilt or angulation adding to the destabilizing forces 
is also a question that should be addressed (Ref. 16). In the design of 
a turbopump of this type, damping need not be provided exclusively at 

the bearings. 

4. In a turbopump of this type, with a large span between bearings, the 
possibility of using straight, smooth seals in place of the labyrinth 
seals to control shaft deflection should be seriously considered. Any 
pump assembled with hybrid bearings in the future should have evaluated 
the use of damping-type, straight, smooth pump Interstage seals. The 
added damping inher. nt in this type of seal would be placed at the ideal 
locations for maximum effectiveness and would provide greater stability 
margin without a singular reliance on the hybrid bearing only to achieve 
this result. 
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Turbopump Performance - Turbine 


During testing of the hybrid bearing turbopump, the turbine working fluid was 
gaseous hydrogen. The turbine pressure ratio was increased between several tests 
by reducing the exhaust system resistance. This was to increase turbine axial 
thrust, which was required to unload the turbine hydrostatic oearing cartridg-j to 
permit cartridge rotation. 

The tests were conducted In the following three series: 

1. Tests 001 to 010 were run with target speeds from 2618 to 8378 rad/s 
(25,000 to 80,000 rpm) , total-to-total pressure ratio of 1.45, and 9 
holes In the turbine exhaust orifice. 

2. Test oil was run with target speeds of 4712 to 6807 rad/s (45,000 to 
65,000 rpm), total-to-total pressure ratio of 2.0, and 13 holes in the 
turbine exhaust orifice. 

3. Tests 012 and 014 were run with target speeds of 4712 to 9425 rad/s 
(45,000 to 90,000 rpm), total-to'-total pressure ratios 2.5 and 2.95, 
and 17 holes In the turbine exhaust orifice. 

The analysis was performed for each point for a range of turbine speeds from 
6283 to 9425 rad/s (60,000 to 90,000 rpm) at steady-state condition, and the 
total-to-total pressure ratios from 1.45 to 2.95, and based on tests 008, 012, 
and 014 which achieved over 6283 rad-/s (60,000 rpm). 

Turbine efficiency could not be determined accurately because the effects of the 
hydrostatic bearing flows, overboard flows, and turbine seal leakage on turbine 
output power could not be evaluated accurately. Turbine power calculated from the 
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measured turbine temperature dro{^ wap not representative either, because the 
turbine seal leakage into the turbine reduced the measured turbine outlet 
temperature. 

An estimate of turbine output power was made which partially accounted for the 
hydrostatic bearing flows. The estimate gave an approximate Indication of the 
turbine efficiency trends for operation at the higher turbine pressure ratios 
(design pressure ratio equalled 1.443 total-to-total) . Turbine output power was 
estimated from the pump hydraulic power divided by the measured pump Isentroplc 
efficiency. Pump hydraulic power was modified to partially account for the power 
costs f .im the hydrostatic bearing flow. 

Test 008 was run with the external hydrostatic bearing supply system. Hydraulic 
power was not affected by the pump-end bearing external supply because the system 
had an external supply and drain. Hydraulic power was affected by the turbine 
bearing external flow system beca'<se the measured bearing flow was drained Into 
the second-stage impeller jnlet and passed through the second and third pump 
stages and was Included In the discharge venturi measured flow. The actual 
hydraulic power was reduced by the turbine bearing flow multiplied by one-third 
of the pump overall head rise for the first-stage impeller that did not pump the 
turbine bearing flow. 

Tests 012 and 014 were run with the Internal hydrostatic bearing supply system. 

The pump-end bearing flow was tapped off downstream of the first-stage impeller, 
was measured, then passed through the hydrostatic beating to an overboard drain. 

The first-stage pump flow was then the measured discharge flow plus the measured 
pump-end bearing flow. Pump hydraulic power was adjusted for the pump-end bearing 
flow through the pump first stage. The turbine-end hydrostatic bearing flow was 
tapped-off downstream of the pump discharge, but upstream of the discharge flow 
measuring venturi. After passing through the hydrostatir be> ring, it was drained 
into the second-stage Impeller Inlet. The recirculated turbine bearing flow 
added heat to the measured discharge flow, which is accounted for In the pump 
measured Isentroplc efficiency as with the balance piston recirculated flow. The 
hydraulic power was not adjusted for the turbine bearing flow. 

Turbine efficiency data using the estimated absorbed power discussed above and the 
available turbine power were plotted In Fig. 142. The turbine calibration curve 
characteristic Is shown referenced to the test 008 average point. Test 008 was 
near the turbine design pressure ratio. An efficiency decrease Is shown for the 
higher pressure ratio tests In Fig. 142. 

An efficiency ratio was formed In Fig. 143 to compare the estimated test performance 
with the calibration curve characteristic using the test 008 point near the design 
pressure ratio as the reference. An efficiency decrease of 4% Is shown at a pres- 
sure ratio of 2.54. A 15Z decrease Is shown for a preesure ratio of 2.95. 

Turbine performance would tend to decrease with Increasing pressure ratio beyond 
the design value due to higher loading and Mach numbers In the blading. The 
turbine tip seals and l.icerstage seals were found damaged by rubbing during post- 
test turbopump disassembly. Turbine seals damage would also reduce efficiency and 


227 



T-T TURBINE EFFICIENCY 


0.8 


a7 


0.6 


0.5 


0.4 


0.3 h 


0.2 


0.1 


0 L 
0 


ORIGINAL PAGE 18 
OF POOR QUALITY 


CALIBRATION TESTS CURVE 
RATIOED THROUGH REFERENCE - 


REFERENCE 

RPM, PR(T-T) - 1.46, TEST fl| 
6.5K RAD^C 

A 87K RPM.PRCT-T) - 2.54, TEST 12 
9.1K RAD/SEC 


□ 75K RPM. PRfr-TI - 2.96, TEST 14 
7.9K RAO/SEC 


p . PUMP ISENTROPIC POWER MODIFIED 
TURBINE AVAILABLE POWER 


PUMP ISENTROPIC POWER - 


PUMP FLUID POWER MODIFIED 
PUMP ISENTROPIC EFFICIENCY 


TURBINE AVAILABLE POWER - FLOWRATE X AVAILABLE ENERGY 


Urn - BLADE SPEED - FT/SEC, - M/SEC 
Dm - MEAN DIAMETER • 3.6 INCH - 8.89 CM 


N - SPEED - RPM, RAO/SEC 

CO|-_T ■ ISENTROPIC VELOCITY • FT/SEC. M/SEC 

Ah»^_j • AVAILABLE ENERGY, Btu/LBM. JOULE/Kg 


_L 

0.1 


J I I L 

0.2 0.3 0.4 0.5 

Um/CoT-T STAGE VELOCITY RATIO 


A. 

0.6 


Figure 142. Mark 48-F Turbine Test Perfomance Coaparlson 


0.7 


228 



EFFICIENCY RATIO - REFERENCED TO PR - 1.46 POINT 


ORIGINAL PAGE IS 
OF POOR QUALITY 


1.0 


0.9 


0.8 H 


0.7 


0.6 -f- 
1.0 


REFERENCE 



-T 1 — —I 1 r 

1.4 1.8 2.2 2.6 3.0 

PRESSURE RATIO (T-T) 


Figure 143. Mark 48-F Turbine, Indicated Effect of Pressure Ratio 


229 



by a greater amount at higher pressure rati . The effect of increasing 
pressure ratio on efficiency could not be established accurately because of 
the tip seal daiuage. 

Turbine first-stage nozzle outlet cavity pressure was measured and ratioed with 
turbine inlet pressure and outlet pressure and plotted versus overall turbine 
pressure ratio in Fig. 144. The ratio of turbine inlet pressure to the first-stage 
nozzle outlet pressure represents an approximation of first-stage loading. The 
ratio of the first-stage nozzle outlet pressure to the turbine outlet pressure 
represents an approximation of second-stage loading since the second nozzle outlet 
area is smaller than the first and second stage rotor outlet areas. The first- 
stage loading was limited as overall pressure ratio increased by the small second 
stage nozzle outlet area designed for low-pressure ratio operation. The plot 
indicates increased second-stage loading and turbine axial thrust with Increased 
overall pressure ratio. 

A flow parameter map calculated from the turbine off-design computer program was 
established for total-to-total pressure ratios from 1.3 to 2.2, which is the 
highest pressure ratio obtainable from the program. The turbine flow parameter 
data from tests 008, 012, and 014 were compared with the flow parameter map 
shown in Fig. 145. Excellent agreement is shown for the test values with the map. 
The flow parameter characteristic for an overall pressure ratio of 2.2 is sho%m 
to represent the flow parameter data up to a pressure ratio of 3.0. 

A conformance ratio was calculated which is defined as the test flow parameter 
(fwi) tests, divided by the calculated f^j ouip determined at the test speed 
parameter and pressure ratio. The data are plotted as a function of pressure 
ratio as shown in Fig. 146. Good agreement is shown for the large range of speeds 
and pressure ratios shown. 

Turbopump Performance - Pump 

The pump performance was analyzed for the hybrid bearing test to verify that the 
performance was not impaired with the use of hydrostatic bearings. The first 
consideration was the effect of the hydrostatic bearing on pump head. In test 008, 
the hydrostatic bearing flow was supplied from an external source. On the pump-end 
bearing, most of this flow is drained overboard and does not effect the Impeller 
through flow. On the turbine-end; however, the major portion of the hydrostatic 
bearing flow returns to the second-stage Impeller inlet, and adds to the net flow 
in the second- and third-stage impellers, and is measured as the volumetric flow 
in the pump discharge venturi. Due to the lower flow through the first impeller 
stage, (thus developing higher pressure rise) it would be expected that the overall 
head for the pump on test 008 would be slightly higher than on previous test data. 
This is the case as is shown in Fig. 147. Similarly, as the internal flow tests 
012 and 014 were run, the first-stage impeller supplies the pump-end hydrostatic 
bearing, then drops overboard. The turbine-end hydrostatic bearing flow is tapped 
off the pump discharge line before it is measured and routed to the hydrostatic 
bearings. In all cases, the impeller flow is greater than the measured values 
by the hydrostatic bearing flow. If the scaled flowrate is adjusted for the hydro- 
staticstatic bearing flow by approximately lOZ, the data of test 012 and 014 
matches fairly well with the test data of previous turbopump tests with conven- 
tional bearings (Ref. 1). 
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The pump pressure rise of the Curbopump is plotted as a function of the discharge 
flow in Fig. 148. The data for 1979 turbopuap tests are given to use as a refer- 
ence for conventional ball bearings. The hydrostatic bearing data are given f v r 
three test speeds. Test 012 data were taken at 8432 to 9320 rad/s (81,000 to 
89,000 rpm) and is scaled to 9948 rad/s (95,000 rpn). Test 014 data were taken 
at 7645 to 8063 rad/s (73,000 to 77,000 rpm) and is scaled to 7854 rad/s (75,000 
rpm). The data of test 008 were taken at test speeds near 6493 rad/s (62,000 rpm) 
and are scaled to 6283 rad/s (60,000 rpm). All the data indicate that the pump head 
flow performance matches that of the previous turbopump tests data if the effect 
of the hydrostatic bearing flow is accounted for on tests 012 and 014. It can 
be concluded from this that the head-flow performance of the turbopump was 
repeatable between the conventional and hybrid bearing tests if the hydrostatic 
bearing flow recirculation effect is accounted for. It must be noted, however, 
that any flow recirculated within the turbopump results in a penalty of efficiency 
due to the fluid power loss involved. 
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CONCLUDING REMARKS 


The test program and the analysis of the results of the tests of hybrid hydro- 
static/bail bearings in a turbopump environment has been very successful. The 
specific requirements of operation of the hybrid bearing within a turbopump 
resulted in an enhanced understanding regarding technical applications of these 
bearings to high-speed turbomachinery. One of the major benefits seen was that 
operation of the pump-end hybrid bearing to approximately 7330 rad/s (70,000 rpm) 
was consistently achieved, thus proving the feasibility of hybrid bearing opera- 
tion. Although the target speed of 9948 rad/s (95,000 rpm) was not achieved, 
a better understanding as to the speed-limiting barriers that must be overcome 
further define the advanced technology required for hybrid bearing application. 
Several major areas that require improved technology are evident from this 
program. One is the ability to accurately and quickly predict all the direct 
and cross-coupled stiffness and damping parameters for a given hydrostatic 
bearing environment. The second is to be able to incorporate all the parameters 
into an accurate rotodynamic model that can define rotor resonance condition 
and stability limits for the operating conditions Imposec’. Another is the 
design of a turbopump that will have enough axial travel to provide sufficient 
end-play for the hydrostatic journals or cartridge. 

The testing and analysis has led to the following specific conclusions and 
recommendations : 

1. Hybrid hydrostatic/bail bearings are feasible for use in high-speed 
turbopump application. The tests have shown very satisfactory opera- 
tion in startup and acceleration as well as in steady-state speeds 

of up to 7330 rad/s (70,000 rpm). The Inability of the hydrostatic 
bearings to operate above this speed was due to rotodynamic 
limitations. 

2. Hydrostatic bearings pressure and flew Internally supplied to the 
bearings by the piap itself Is related to piap shaft speed. As a 
result, the bearing stiffness and critical speeds Increase as the 
shaft speed increases. If the rotodynamic design is developed 
properly so that the rotor natural frequency parallels the shaft 
speed in the operating range without matching it, the critical 
speed can be avoided and result in a smoothly operating turbopump. 

Care must be taken, however, in the design of the system. As the 
shaft speed Increases, the bearing direct and cross-coupled stiffness 
and damping increase as well, but they may also combine to cause the 
stability limit to reduce with speed Increase. If this is the case, 
it may also require the use of other stabilizing devices such as 
straight smooth seals Independent of the hydrostatic bearing to Improve 
stability at high speed. 
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3. The proper rotordynamlc design of a given turbopump is dependent 
on the accuracy of prediction of the direct and cross-coupled 
stiffness and damping coefficients during operation. Also required 
is the ability to Integrate the coupled hybrid bearing (hydrostatic 
bearing and ball bearing) dynamic coefficients into (and the accuracy 
of the development of) the rotor dynamics model. The accuracy 

of predicting the dynamic coefficients has been found lacking as 
verified by the review of the limited test data. Additional testing, 
measurement, and analysis of direct and cross-coupled stiffness and 
damping coefficients in a tester specially designed for this function 
is required before analytical predictions relating to a turbopump 
rotor can be trusted. 

4. The actual measured values of flowrate were lower than the analytical 
predictions. The analysis of the test data has resulted in an 
empirically derived roughness correction parameter, which seems to 
provide better analytical accuracy. The method accounts for the 
effective roughness based on the overall pad and bearing configura- 
tion. This method should be developed further and verified by further 
test data as they become available. The turbopump performance data 
show the performance penalty for using hydrostatic hearings is not 
great. The inherent speed Increase benefit of a hybrid bearing 
turbopump can also result in Improved efficiency and pay back the 
resultant loss now shown in performance. 

5. The test results of the pump-end bearing cartridge data show that 

it was capable of tracking the shaft speed rotation to approximately 
7330 rad/s (70,000 rpm) for the design radial clearances and con- 
figuration tested. The rotation of the cartridge was, however, 
impaired above this speed by high shaft orbiting and housing 
vlbratloii levels caused by unplanned rotor behavior partly due to 
the turbine end bearing. It is concluded that cartrldge-to-shaft 
speed matching could occur at even higher shaft speeds than obtained 
in these tests if rotor orbit levels and casing vibration levels 
were reduced. The cartridge speed slowdown at higher speeds is 
caused primarily by cartridge to bearing contact forced by large 
radial shaft movements and bending modes. This speed threshold 
also is determined to be a function of radial clearance and the 
distribution of clearance within the annulus. 
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6. The results of the assembly, analysis, and tests indicate that the 
balancing of the rotor during assembly is very critical to the 
success of the program. This poses a problem in that the mraber 
of rotor components requires a procedure to balance several planes 
during assembly so as not to Introduce moment imbalance between 

the rotor components. In-housing or in-place balancing of the rotor 
would elso be helpful to eliminate the balance changes inherent 
in the final in-housing assembly process. Another problem occurring 
with the balance of the hybrid bearing rotor (which includes the 
ball bearings and cartridges) is the deadband associated with the 
bearing outer race OD to the cartridge ID. Care must be taken to 
minimize the deadband and check balance the rotor and cartridges 
in different posj.cions to minimize the Inherent (built-in) Imbalance. 

7. All the results of the testing of the hybrid hydrostatic bearings 
Indicate that the bearings are extremely rugged and, v'lth solution 
to the dynamics problems, will provide a very long life. The ball 
bearings from the turbopump tests were found to be in excellent 
condition after 14 starts and 1260 seconds of operation. Part of the 
benefit of the hybrid bearing lies in its Inherent "clutch-like" 
capability to act as a ball-bearing if needed and to act as a hydro- 
static bearing when called upon. 

8. It Is concluded that one of the major inherent design problems 
associated with the hybrid hydrostatic bearing is the requirement 
for free end play so as not to interfere with rotation. To ensure 
end play, it is preferred that the bearing not have responsibility 
to control the transient axial thrust loads that a balance piston 
may not be able to control. This problem can be overcome with 
inclusion of a fanslent thrust bearing or other transient control 
methods. If the .lybrid bearing is to be responsible for that duty, 
it is Important that there be enough axial forgiveness in the balance 
piston system to ensure adequate end play margin over the operating 
life of the turbopunp. 
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nomenclature 


Ar 

Bxx 

Bxx 

C 

D 

FR 

g 

G 

P 

L 

L* 

L 

a 

L 

c 

L 

P 

m 


recess area ratio 

direct damping coefficient, lb-sec /in. 

dimensionless direct damping coefficient * 

clearance, inches 

journal .diameter, inches 
friction coefficient 

gravitational constant = 386.4 in/s^ 

turbulence viscosity correction factor 

bearing length. Inches 

fluid friction length, inches 

axial length from recess to end of bearing, 

recess circumferential length. Inches 

recess axial width, inches 
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fit R 


inches 


mass flowrate, Ib/s 


ih 


n 


- dimensionless mass flowrate 


= number of rows of recesses 


■‘<s> » - 

gG Pc’Pj(Ps-Pa) 


Ns = shaft speed, rpm 

Nc = cartridge speed, rpm 

Pa = ambient pressure, psia 
Pr » recess pressure, psia 

Ps * supply pressure, psia 


•^f Pr-Pa 

h ‘ pressure ratio = " pi=Pl 
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Ra 
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Journal radius. Inches 
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U 2Cp 

axial flow Reynolds No. * 


2C^p(Ps-Pa)P 

Polseullle Reynolds nunber * — 

(•^(1 - i) L 

n 


2 2 

film resistance, S /Ib-ln- 

dlmenslonless film resistance = 

2 2 

orifice resistance, S /Ib-ln. 


dimensionless orifice resistance “ 




2 




(Ps-Pa) R^ 


(Ps-Pa) R 

o 


U^Cp 

Rj = rotational Reynolds number = — ^ 

T = temperature, R 

Ua = axial velocity, in. /sec 

Ur = circumferential velocity, in. /sec 

X = number of recesses 

nL 

_ p 

y = recess parameter = — ^ 


= bearing number = 


G C 
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puRL 

■y 


(Ps-Pa) 
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